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PROSPECTS FOR OBTAINING AERODYNAMIC HEKTING RESULTS 

FROM ANALYSIS OF METEOR FLIGHT DATA 

By H. Julian Allen and Nataline A. James 

Ames Research Center 
Moffett Field, Calif. 

SUMMARY 

Analyses of velocity and luminosity records of meteor flight obtained 
from ground based cameras provide a means for increasing our knowledge on 
aerodynamic heating of bodies entering the atmosphere at earth hyperbolic 
speeds. The principles of the dynamical and photometrical methods of analy- 
sis are reviewed. Results from records of six bright meteors are compared 
with expected behaviors for these meteors. Reasons for departure from 
expected behavior are discussed and future prospects are treated. 

INTRODUCTION 

For over a decade, now, aerodynamicists in this country have been 
intimately concerned with the return to earth of man-made objects propelled 
into space by rockets. The first interests in the problems of entry into the 
earth's atmosphere were confined to the aerodynamic stability, loading, and 
heating of ballistic missiles. Later these interests were concerned with 
higher speed bodies, such as Mercury. Now our attentions are focused on the 
Apollo vehicle, and in time we shall need to understand atmosphere entry 
phenomena associated with interplanetary vehicles which, on return to earth, 
may approach the atmosphere at speeds well in excess of earth parabolic speed. 
It would be foolish to attempt to say what limit on entry speed will ulti- 
mately be established as practicable. It is only important here to note that 
we must, from the research standpoint, obtain, from theory and experiment, 
proper understanding of all the phenomena of atmospheric entry up to speeds 
as high as can be realized. 

Theory, as in the scientific delineations of all natural philosophy, is 
vital to our understanding of the phenomena of high-enthalpy air flow. In 
hypersonic flow problems experimental results are also vital because many of 
the basic physical concepts involved are not wellunderstood. Thus, it is 
the partnership of theoretical and experimental research from our ground-based 
laboratories that has accounted for the rapid progress in this scientific 
field. 

Progress in the laboratory is fraught with difficulties. The tools of 
the experimentalist are high-performance shock tubes and shock-tube wind 
tunnels, ballistic ranges, and combinations of such facilities to provide the 



required test environment. 
available for observations but, more important, there is justified concern 
that we may not be able to provide the test speeds and enthalpies we will 
need in the future because of strength limitations of the materials of which 
our laboratory facilities are constructed. Present facilities have provided 
environments appropriate to free flight at speeds somewhat in excess of 
1-3 km/sec. 
15 km/sec or thereabouts. 
improvement will be forthcoming . 

The testing is exacting because of the short time 

We expect, from present knowledge, that we may extend these to 
However, there are no assurances that fkther 

One, then, turns to rockets in free flight as tools for research at 
One finds them unattractive in the main because of their higher speeds. 

great cost in both money and time. 
firm results obtained in ground tests, in particular as regards scaling laws, 
but will probably not contribute importantly to our basic fund of knowledge. 

Practically, we can hope they will con- 

On the other hand observations of meteors in flight can possibly provide 
valuable experimental data. At first glance these look unusually attractive 
because the rate of influx of extraterrestrial debris into the earth's atmos- 
phere is very great. However, the concern of the aerodynamicist is with 
hypersonic continuum flow and but a small fraction of the meteoric bodies 
experience any but free molecular flow. In addition, of those which are 
observed by properly instrumented observatories, the resulting meteorite has 
been recovered only in one case (the fragments from the Czechoslovakian 
meteor F%hv,m), so that with this exception the meteor density is not known 
nor can the body shape during descent be inferred. Nonetheless, the flight 
data from meteor observations may provide useful results. 
this paper :-s to acquaint aerodynamicists with the methods of analyzing 
flight data of meteors and to apply these methods to six meteors for which 
published data are available in order to indicate to what extent such sources 
can provide useful information to aerodynamicists in the future. 

The purpose of 

METEOR PH.EXOME3lA 

Although man has certainly been awed by the meteor phenomenon since the 
earliest times, it is strange that only within the last several centuries has 
the phenomenon been appreciated in its proper perspective. Chladni is cred- 
ited (ref. 1) with being the first modern scientist to dEmonstrate that mete- 
oric bodies were, in fact, extraterrestrial in origin. Opik in 1922 (ref. 2) 
seem to have been the first to have attempted to formulate theory to under- 
stand quantitatively the behavior of meteoric bodies in their descent through 
the atmosphere. He showed that if the mass l o s s  from the body per unit of 
distance traveled was proportional to the instantaneous kinetic energy, then 
simple relations could be obtained for expressing the mass in terms of veloc- 
ity. Lindemann and Dobson, in the following year, published a remarkable 
paper (ref. 3) in which they proposed physical models of the heating processes 
in an effort to determine the fraction of the total kinetic energy involved 
in the mass loss by ablation. Although their analysis contained some basic 
errors (ref. 4), it is significant in that it correctly distinguished between 
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the  d i r ec t  air-molecule-impact process, applicable t o  the  many small meteoric 
bodies, and the shielded impact process, which occurs f o r  the  r e l a t i v e l y  few 
large bodies, i n  continuum flow, when a protect ive gas cap forms ahead of the  
body. opik ( ref .  5 ) ,  Hoppe ( r e f .  6) ,  and others l a i d  the  foundation f o r  the  
photometrical method of analysis of meteor data  i n  which the  rate of mass 
l o s s  by ablat ion could be r e l a t ed  t o  the  in t ens i ty  of observable radiat ion.  
The current s t a t e  of meteor theory i s  summarized by Opik i n  reference 7. 

Near the  turn  of t h i s  century, Elkin (e.g., r e f s .  8 and 9; f o r  review 
see r e f .  lo), Director of the Yale Observatory, photographed over 100 meteors 
with two cameras located a t  the  ends of a base l i n e .  The cameras were 
equipped with ro ta t ing  shut te rs .  
t i o n  of t he  meteor t r a j e c t o r i e s  while t he  shut te rs ,  ro ta t ing  a t  a constavlt 
rate, occulted the  moving images and provided the  time-distance records f o r  
evaluating veloci ty  and accelerat ion as a function of time and a l t i t ude .  
Although the accuracy of t he  ear ly  r e s u l t s  w a s  not good because of t he  short  
base l i ne ,  t he  pr inciples  employed are  the  same as those presently used. The 
philosophy of t he  data  reduction methods current ly  used f o r  evaluating 
heights and ve loc i t ies  from meteor photographs w a s  described by Fisher 
(ref.  11) and the  accurate methods now employed are  due, i n  a large measure, 
t o  the  e f f o r t s  of the  staff of t he  Harvard Observatory (Dr. Fred Whipple, 
D r .  Luigi Jacchia, e t  a l . ) .  There are ,  a t  t he  present time, a t  l e a s t  three 
groups engaged i n  e s sen t i a l ly  continuous observations of meteors i n  North 
America and Europe: 
Harvard University under D r .  Fred Whipple, the  group under Dr. Zdenek Ceplecha 
at  the  Oneejov Observatory i n  Czechoslovakia, and the  group a t  the  Canadian 
Dominion Observatory i n  O t t a w a  headed by D r .  Peter Millman of the  National 
Research Council. 

The t r iangulat ion permitted the  determina- 

the Smithsonian Astrophysical Observatory group a t  

Several f a c t s  concerning meteors t h a t  a re  important t o  t h i s  paper are 
the  following: F i r s t ,  photographic observations have shown t h a t  t he  speeds 
a t  entry in to  the ear th’s  atmosphere range from about ear th  parabolic speed 
(11 km/sec) t o  about t he  highest speed a body m y  have and s t i l l  be a member 
of the  so la r  system (72 km/sec). Second, t he  meteoric bodies may have a 
var ie ty  of compositions. 
bodies recovered on the  ear th’s  surface) as seen i n  museums a re  stony o r  
metal l ic  i n  composition. However, there  are wide var ia t ions i n  these two 
classes  ( r e f .  1). Many stony meteorites (e.g. ,  chondrites) are of grea te r  
density than the  surface rocks of the  ear th ,  but  many are of more normal den- 
s i t y .  The metal l ic  meteorites are most commonly. composed of i ron  and nickel .  
It should be emphasized t h a t  these museum meteorites, which apparently come 
from the  as te ro id  b e l t  and have r e l a t ive ly  low speeds at  atmosphere entry,  
are assuredly of e x t r a t e r r e s t r i a l  or igin,  but almost cer ta in ly  are not the  
only materials which a r r ive  on ear th  from space. 
vincingly demonstrated t h a t  t he  glassy objects known as t e k t i t e s  are also 
meteorit ic and most probably of lunar or igin.  Some fast meteoroids, which 
appear t o  be of cometary or ig in  (refs. 1.3 and 14), are much less dense than 
w a t e r ,  as indicated by t h e i r  behavior duri’ng atmosphere entry (e.g., refs .  15 
and 16) .  

As  i s  wel l  known, meteorites (which a re  meteoric 

Chapman ( r e f .  12) has con- 

It i s  probable t h a t  hosts  of materials found on the surface of t he  
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ear th  are meteoric but, because they a re  the  same or s i m i l a r  i n  composition 
t o  t e r r e s t r i a l  materials, are not recognized t o  be e x t r a t e r r e s t r i a l  i n  or igin.  

ANALYSIS 

Two methods a re  current ly  employed f o r  analyzing meteor tracking data  t o  
obtain the s i ze  and heat- t ransfer  charac te r i s t ics  as a function of a l t i t u d e .  
The f i r s t  method discussed herein, termed the dynamical method, employs the  
veloci ty  his tory along with the  equation of motion and the  equation f o r  heat 
t ransfer  t o  determine the desired quant i t ies .  The second, termed t h e  photo- 
metrical  method, employs the velocity h is tory  and a re la t ion  between luminos- 
i t y  and mass loss .  For a l l  but one of the  meteors considered i n  t h i s  report  
both analyses a re  required since the  meteor density i s  not known because the  
meteorites were not recovered. 
dix A )  are ,  f o r  the  most par t ,  the  convention of aerodynamicists. 
astronomers employ other symbols but  these are re la ted  i n  the  appendix.) 

The symbols used i n  t h i s  report  (see appen- 
(The meteor 

The Dynamical Method of  Analysis 

I n  t h i s  method the  inputs a re  veloci ty  and acceleration as a function of 
time or a l t i tude ,  the t r a j ec to ry  angle, and the  density of  t he  meteoric body. 

The equation of motion of an a rb i t r a ry  body descending through the  
ear th’s  atmosphere, and acted upon only by the  grav i ta t iona l  force  and the  
aerodynamic drag i f  the  ear th  i s  assumed f l a t  (see r e f .  l7), is’ 

dV 1 
d t  2 m - = mg s i n  e - - CDPV~A 

wherein 

m 

v 
t 

g 
e 
CD 
P 
A 

mass 

velo c i t y  

t i m e  

acceleration of gravi ty  

angle measured below the  loca l  horizontal  t o  t he  t r a j ec to ry  

drag coef f ic ien t  

a i r  density 

reference area upon which the drag coef f ic ien t  i s  based 

-~ 

‘In t h i s  development, the  gravi ty  terms a re  re ta ined f o r  completeness, 
but i n  pract ice  they may generally be ignored as t r i v i a l .  
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I n  r e a l i t y ,  a l l  of t he  quant i t ies  a re  var iables  as we proceed along the  
t ra jec tory .  For purposes of the  analysis t o  follow, ce r t a in  r e s t r i c t i o n s  are 
imposed. The assumptions a re  made t h a t :  

1. The t r a j ec to ry  i s  a s t r a igh t  l i n e  ( s i n  0 i s  con-stant). 

2. The acceleration of gravity,  g, i s  constant. 

3. The body i s  spherical  throughout t he  descent ( f o r  j u s t i f i c a t i o n  see 
ref. 18). 

4. The drag coef f ic ien t  i s  constant (assumed u n i t y ) .  

Then i f  r i s  t h e  radius of the  sphere and pm i s  the  density of the mete- 
o r i c  body, the  mass i s  

4 
3 

m = - 7cpmr3 

and t he  reference area i s  

A = fir2 

and i f  t he  a i r  density i s  

P = POP 

then equation (1) becomes 

Also, 

dh 
V s i n  8 

d t  = - 

So equation ( 5 )  can be expressed as 

4pm s i n  8 
d - (V2 + 2gh) = 

dh 

From equation ( 5 )  t he  radius i s  

r = - -  
3cDp0 [ (dV/dt) - g s i n  0 8 p m  

( 3 )  

(4)  



and from equation (7)  i s  

r =  
(d/ah)(V2 + 2gh) 

( 9 )  

It i s  customary i n  analysis  of t he  aerodynamic heating of meteors t o  
assume t h a t  

1. The rate a t  which heat  is  radiated from the  body i s  t r iv ia l  com- 
pared t o  the  t o t a l  heat input rate, and 

2. The r a t e  of heat storage within t h e  body can be ignored compared t o  
the  t o t a l  heat  input rate. 

The f i r s t  of these i s  permissible at the  high speeds of meteors if the  
body i s  not very small, which covers t he  cases of i n t e r e s t  i n  t h i s  report ,  
and i f  the  t r a j ec to ry  is  reasonably s teep  (say, 8 > 10'). 
missible when the  thermal conductivity i s  low. T h i s  i s  cer ta in ly  the  case 
f o r  meteoric stones and generally acceptable f o r  meteoric i rons as w e l l .  

The second i s  per- 

With these assumptions, then, t he  rate of heat input must equal t h e  r a t e  
a t  which heat i s  l o s t  as a r e s u l t  of surface ablat ion so t h a t  

wherein 

the  heat of ablat ion expressed i n  u n i t s  of t he  k ine t i c  energy equivalent 
per u n i t  mass ( i . e . ,  V2 
surface from the  cold s t a t e  t o  the  s t a t e  at  which ablat ion occurs. If 
a f l u i d  i s  ablated, then I: must include t h e  l a t e n t  heat of fusion; 
if a vapor i s  ablated, then it must include both the  l a t e n t  heats  of 
fusion and vaporization. 

u n i t s )  i s  the  energy required t o  heat t he  

CH t h e  mean heat- t ransfer  coef f ic ien t  based on the  cross-sect ional  area 

Now, s ince 

equation (10) becomes (with eq. ( 4 ) )  

6 



and with a l t i t u d e  rather than time as the independent variable (see eq. (6) )  

The radius of t he  body can be calculated f r o m  equation (9) as a function 
of a l t i t u d e  i f  V and dV/dt (or dV/dh) are given, if the  a i r  density r a t i o  
5;; i s  assumed t o  be a known function of a l t i t ude .  For a l l  t he  calculat ions 
of t h i s  report  the  A R E  1959 Standard Atmosphere ( ref .  19) was  chosen. 
e ra l ly ,  however, the  density of t he  meteoric body i s  not known because the  
meteorite i s  not recovered on the  ground so t h a t  we s h a l l  usual ly  know, i n  
the  end, only the product 

Gen- 

o r  

(d/dh) (V' f 2gh) 
p r =  

I n  the  event t he  density i s  known, t he  mass can be calculated from 
equation ( 2 ) .  

Different ia t ion of equation (8) gives 

while d i f fe ren t ia t ion  of equation (9 )  gives 

Thus equations (16) and (12)  give 

or from equations (17) and (13) 

Note t h a t  i f  CD i s  presumed known ( f o r  a sphere it i s  assumed as un i ty  
f o r  continuum f l o w ) ,  t he  heat- t ransfer  coef f ic ien t  cannot be determined 
unless 5 i s  known, which it is not.  There i s  an upper l i m i t  t o  the  possi-  
b l e  values of  I;, however, which i s  the  t o t a l  energy required t o  br ing t h e  
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surface mater ia l  from the  cold s o l i d  state t o  the  vapor s t a t e .2  
upper l i m i t  f o r  Cg can be found i n  any event. For stone meteors one 
expects t h a t  vaporization would be the  usua l  ablat ion process. 
say, l i qu id  stone i s  highly viscous so t h a t  ablat ion i n  the  l i qu id  s t a t e  
should generally not occur i f  t he  heating rates a re  high. For low-speed 
meteors o r  f o r  near ly  f l a t  t r a j ec to r i e s ,  this w i l l  not be the  case. Chapman 
( r e f s .  12 and 20) has made a very de ta i led  analysis  of t he  ablat ion of tek-  
t i t es .  He has indicated t o  us t h a t  f o r  t h e  stagnation point of t e k t i t e s  
entering the  atmosphere a t  

Thus, an 

That i s  t o  

8 = 20' t he  r a t i o  of vapor-to-total  ablat ion w i l l  
be 

Since l i q  

v, 
km/sec 

7 
9 
11 
1-5 

i d  stone i s  probabl 

Mass vaporized 
Total  mass ablated 

~~ 

0.08 
-1.5 
.22 
9 38 

r less viscous than l i qu id  t e k t i t e ,  e ren 
more extensive l i qu id  run-off would be expected. 
cases one must expect a considerable mass los s  i n  the  f l u i d  s t a t e .  

For these low heating-rate 

On the  other hand, when a i r  loads and heating r a t e s  a re  su f f i c i en t ly  
high one expects t h a t  ablat ion i n  the  s o l i d  s t a t e  may occur. Stone i s  a 
weak mater ia l  so  t h a t  projecting segments may be to rn  f r o m  it when air loads 
are high. Because t h e  thermal conductivity i s  low, it may a lso  spa11 as a 
r e s u l t  of excessive thermal s t r e s s  when heat  r a t e s  a re  very great .  Nininger 
( r e f .  1) notes t h a t  such s t ruc tu ra l  f a i l u r e  i s  common f o r  b r i l l i a n t  meteors. 

For stone meteors, then, one expects ablat ion by vaporization; however, 
when the  speed of entry i s  low o r  the  t r a j ec to ry  i s  near ly  f la t ,  f l u i d  abla- 
t i o n  w i l l  predominate, o r  when the  speed of en t ry  i s  high and the  body i s  
large and i n  s teep descent, s t ruc tu ra l  failure and spa l l ing  occur s o  so l id  
ablat ion may predominate. A l s o  when the  stone i s  weak, as we s h a l l  see 
appears t o  be the  case f o r  several  examples, s o l i d  ablat ion w i l l  be prevalent.  

For i ron  meteors, thermal conductivity i s  reasonably high and the  
mater ia l  i s  strong. Ablation i n  the  so l id  s t a t e  would not be expected a t  a l l  
except, perhaps, f o r  huge bodies. On the  other  hand, l i qu id  i ron  has a very 
low v iscos i ty  (about one order of magnitude lower than f o r  cold water) so  
t h a t  when the  melting point i s  reached, t he  melted layer  should be rapidly 
s luf fed  off by the  aerodynamic shear. Thus one expects f o r  i ron a value of 
5 corresponding more closely t o  fusion ( i . e . ,  the  energy required t o  bring a 
u n i t  m a s s  from the  cold so l id  s t a t e  t o  t he  l i qu id  s t a t e ) .  

~. 

2Note t h a t  5: as used herein i s  not the  so-called "effective" heat of 
ablat ion commonly used by aerodynamicists, but  ra ther  the  ac tua l  heat of  
ablat ion since CH i s  the  ac tua l  heat- t ransfer  coef f ic ien t  because it 
includes the  blockage of convective heat input due t o  ablation. 
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Appropriate values f o r  vapor and f l u i d  ablat ion of stone and i ron are 
given i n  t ab le  I. 

For the  l o w  density cometary types, which a re  presumably of a we& 
porous stone, one expects profuse ablat ion i n  the  s o l i d  s t a t e .  Results of 
heat- t ransfer  analysis  f o r  such bodies, accordingly, will not be very usefu l  
i n  attempting t o  assess hea t - t ransfer  coef f ic ien ts .  

An addi t ional  equation we  shall f ind  of value i s  obtained f r o m  equa- 
t ions  (1) , (6)  , and (10) 

- - -  am - cH d(V2 + 2gh) 
2cDC 

If one may subs t i t u t e  a mean value of C H / ~ C D ~  i n  t h i s  expression it 
can be integrated t o  give 

where subscript  E denotes values a t  entry t o  the  atmosphere. 

Two computation procedures have been used t o  apply the dynamical method 
of analysis t o  a number of meteors t o  be discussed later.  These procedures 
a re  de ta i led  i n  appendix B. 

The Photometrical Method of Analysis 

In  t h i s  method t o  f i n d  the  m a s s  var ia t ion during en t ry  t o  the  atmosphere 
one must know veloci ty  and luminosity as a function of time o r  of a l t i tude ,  
provided one a l so  knows f l i gh t -pa th  angle. To determine s i ze  and heat-  
t ransfer  charac te r i s t ics  as a function of time o r  a l t i t u d e  one must know the  
density of the  meteoric body as w e l l .  

His tor ica l ly  the  photometrical method was  developed for appl icat ion t o  
s m a l l  meteoric bodies enter ing t h e  atmosphere a t  high meteor speeds. Such 
bodies experience f r e e  molecular flow, so t h a t  no bow shock layer  ex i s t s .  
Thus the  molecular co l l i s ions  which occur a re  only the  r e s u l t  of the  a i r  
molecules col l iding with the  molecules on and from the  surface of t he  mete- 
o r i c  body. The luminosity observed must result from the co l l i s ions  of a i r  
molecules with the  molecules of vapor from the  surface and hence be propor- 
t i o n a l t o  the  rate of loss of mass and the  co l l i s ion  energy per u n i t  mass. 
Thus 8pik ( r e f .  7 )  gave t h e  r e l a t ion  
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where 

I luminous in tens i ty ,  defined i n  meteor astronomy as the  amount of l i g h t  
received on a surface of 1 square meter a rea  at  a distance of 100 km 
f r o m  the  source ( i n  u n i t s  of kilowatts/square meter i n  t h i s  report)  

T so-called luminous eff ic iency 

The luminous eff ic iency var ies  with veloci ty .  Jacchia ( r e f .  21) after 
examining 6pik's  calculat ion found t h a t  
veloci ty  over t h e  speed range from 20 t o  70 km/sec. 
the  presently accepted mass-loss equation 

T varied very nearly d i r ec t ly  with 
H e  therefore proposed 

21 - -  - - -  am 
d t  T0V3 

For known luminosity and speed as a function of time one could, from 
integrat ion of equation (23), then f i n d  the mass if the  constant of integra-  
t i o n  were known. For fas t  meteors i n  f r e e  molecule flow, the  f ac to r  

i s  very large and the  f i n a l  veloci ty  a t  the earth surface Vo i s  t r i v i a l ;  
then from equation (21) 

so one can obtain the meteor mass as a function of  time from 

I t 0  
- d t  2 m = -  

70 v3 

where to may correspond t o  any time near t he  end of the  t ra jec tory  a f t e r  
which I has become t r ivial ly  small. 

When the  meteor entrance speed, VE, i s  low then even f o r  meteoric bodies 
i n  f r e e  molecular flow the  assumption that the end mass, %, i s  t r i v i a l  can- 
not be made. Cook ( ref .  22) has proposed a procedure f o r  t h i s  case. 

Although equation (23) can y ie ld  the  mass during entry, nei ther  the  s i z e  
nor the  heat- t ransfer  f ac to r  can be determined u n t i l  the density of the mete- 
o r i c  body i s  known. Again if  the body i s  a sphere of known density then ( f o r  
m, Z 0 )  the  radius can be found from 
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and the  heat- t ransfer  f ac to r  from equations (10) and (23) as 

The luminosity method as outlined above i s  applicable only t o  meteors i n  
the  free molecular flow regime. 
composed of contributions from the  excited a i r  i n  the  shock layer  ( r e su l t i ng  
from a i r - t o - a i r  molecular co l l i s ions )  as w e l l  as from the  products of abla-  
t i o n  ( resu l t ing  from air-to-meteor vapor molecular co l l i s ions ) .  

In  continuum flow the  t o t a l  luminosity i s  

Thus 
( r e f .  23), 

where Ig i s  the  gas-cap luminosity. For bodies a t  meteoric speeds, t h e  
gas-cap luminosity w i l l  generally be much less than the  t o t a l  gas-cap radia-  
t i o n  would indicate  s ince most of  t he  a i r  rad ia t ion  i s  i n  the  u l t r a v i o l e t  
which i s  not received a$ the  photographic p la tes  (usually the cutoff occurs 
at wavelengths of 3500 A or grea ter ) .  

A second d i f f i c u l t y  w i t h  the  use of equation ( 2 9 )  i s  t h a t  for the  case 
of continuum flow, -r0 has not been evaluated. The molecular co l l i s ions  of 
air  and vapor a re  generally l e s s  energetic so one expects the  continuum T~ 
t o  d i f f e r  from t h a t  appropriate t o  free molecular flow but,  a t  present, by 
unknown amounts. 

A t h i r d  d i f f i c u l t y  i s  the  following: In  t h e  dynamic method, t he  mass- 
l o s s  r a t e  
method, t h i s  i s  not necessar i ly  the  case. The  ablat ion luminosity, as noted 
e a r l i e r ,  r e su l t s  f r o m  the  co l l i s ions  of a i r  and vapor molecules and hence 
does not appear u n t i l  t he  mater ia l  f r o m  the body i s  vaporized. I f ,  as a 
r e s u l t  o f  excessively grea t  aerodynamic forces  o r  thermal s t r e s s ,  material i s  
je t t isoned from the  body i n  the  so l id  s t a t e  or if  it flows off t he  body i n  
the  l i qu id  s t a t e ,  there  w i l l  be a time lag u n t i l  vaporization of t he  debris 
occurs i n  the  wake. Hence the  mass, m, i n  t he  photometrical method r e f e r s  t o  
the  vaporizing mass i n  t he  system (body plus wake) and thus i s  not synonymous 
with the  body mass i t se l f .  

dm/dt r e fe r s  t o  the  meteoric body, but  i n  the photometrical 

The f i n a l  d i f f i c u l t y  i s  t h a t  t he  equation f o r  mass obtained by integra-  
t i o n  of equation ( 2 9 )  has a constant of in tegra t ion  which cannot, i n  t he  
general case, be evaluated. This was  noted e a r l i e r  t o  be a d i f f i c u l t y  even 
i n  f r e e  molecular flow f o r  which, i n  the  usual  case, the  f ac to r  CH/CDC i s  
la rger  than f o r  continuum flow. Thus, as noted i n  t h e  e a r l i e r  discussion of 
equation (21), one cannot approach the  l imi t ing  case of equation ( 2 5 )  u n t i l  
the  en t ry  speed i s  even grea te r  i n  the  continuum flow case than i s  required 
i n  the  f r e e  molecular flow case. 
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I n  s p i t e  of t he  d i f f i c u l t i e s  outl ined above, t h e  photometrical method 
has m c h  promise. It i s  employed i n  the  analysis  of f i v e  of the meteors of 
t h i s  report .  The procedures i n  these spec ia l  cases are t rea ted  i n  appendix C .  

'In reviewing the  var ia t ion with a l t i t u d e  of  t h e  heat- t ransfer  f ac to r s  f o r  
the  several meteors considered herein, as obtained f r o m  e i the r  t he  dynamical 
o r  photometrical analysis,  it i s  most valuable t o  compare the  r e s u l t s  with 
estimated values of the  heat- t ransfer  f ac to r s  assuming e i the r  pure vapor o r  
pure f l u i d  ablat ion.  
used i n  t h i s  report .  

Appendix D gives the  d e t a i l s  of t h e  estimation procedure 

METEOR DATA 

The tracking r e s u l t s  obtained from the  photographic records of six 
meteors have been used f o r  analysis of s i ze  and heat- t ransfer  h i s tory  during 
entry t o  be given later.  Pertinent d e t a i l s  of the  individual meteors are 
given i n  the  following: 

1. Meanook meteor 132 

This meteor was  photographed i n  Canada on October 20, 1952 a t  t he  Meanook 

Luminosity data as well  as ve loc i ty  and accelerat ion are ava i l -  
and Newbrook Meteor Observatories. A descr ipt ion of t he  r e s u l t s  i s  given i n  
reference 24. 
able  as a function of  time and a l t i t ude .  The luminosity data  a re  not tabu- 
l a t ed  herein but are shown i n  f igures  introduced l a t e r .  The veloci ty  and 
acceleration data  a re  given i n  t ab le  11. The l i s t i n g  i s  more complete than 
t h a t  given i n  the  o r ig ina l  report  of reference 24 and contains a correction 
f o r  one acceleration value which, as o r ig ina l ly  given, was  i n  e r ror .  These 
complete values were c o m n i c a t e d  t o  the  senior author by Dr. Peter Millman 
of t he  National Research Council of Canada. 

2. On&e,iov meteor 15761 

This meteor was  photographed on the  night of August 13, 1958 a t  the  
OnGejov Observatory and Prcice S ta t ion  i n  Czechoslovakia. 
meteor i n  complete form are obtained from reference 25. 
of  t he  reference a re  given i n  t ab le  I11 of t h i s  report .  
a re  given i n  a f igu re  introduced l a t e r  i n  the  repor t .  

The data  on t h i s  
The data  from t ab le  4 
The luminosity data  

3. Harvard meteor 1242 

This meteor was  photographed f r o m  the  Harvard College Observatory and the  
Oak Ridge Sta t ion  (now Agassiz S ta t ion)  i n  Massachusetts on February 6, 1945. 
The reduced data  a re  given i n  t ab le  IV as obtained f r o m  reference 26 with t h e  
exception of t h e  probable e r ro r  values which were communicated t o  the  senior 
author by Mrs. Annette Posen of t he  Harvard College Observatory s taff .  
probable e r rors  i n  acceleration were given i n  percent and converted t o  the  
tabular  values shown. The probable e r rors  i n  ve loc i ty  w e r e  reported t o  be 
negligible so t h a t  t he  e r ro r  of -f5 m/sec i s  appropriate t o  the  o r ig ina l  data  
(given t o  c loses t  10 m/sec). 

The 
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4. Sacramento Peak meteor 19816 - -  . -  I -  

This meteor was  photographed on December 8, 1958 with the Super-Schmidt 
meteor cameras a t  t h e  Sacramento Peak and Organ Pass Meteor Stat ions i n  New 
Mexico. The reduced data  are given i n  t ab le  V as obtained from reference 26. 
The value of probable e r ro r s  i n  veloci ty  and accelerat ion were communicated 
t o  the  senior author by Mrs. Annette Posen of t he  Harvard College Observatory 
staff .  

5. OndFejov .- . -  meteor 27471 

T h i s  meteor w a s  photographed on the  night of October 26, 1960 at the  
The data  on t h i s  

The data  shown i n  t ab le  V I  were those 
On&ejov Observatory and F'rcice S ta t ion  i n  Czechoslovakia. 
meteor a re  t o  be published ( r e f .  27). 
D r .  Ceplecha d is t r ibu ted  a t  the Internat ional  Symposium on the  Astronomy 
and Physics cf Meteors held i n  Cambridge, Massachusetts, August 28 - 
September 1, 1961. 

6. OnGe jov .~ meteor &$bram 
.. . -  - 

This b r i l l i a n t  f i r e b a l l  (-19th absolute magnitude) f e l l  on Apri l  7, 1959 
i n  Czechoslovakia ( r e f .  28) and w a s  photographed a t  the  Ond?ejov Observatory 
and the  second s t a t i o n  a t  Prcice. 
w i t h  ro ta t ing  shut te rs  provided data  from which veloci ty  and accelerat ion 
could be deduced only over t he  i n i t i a l  portion of the  t r a j ec to ry  (90 km> h 
> 40 km) wherein t h e  la rge  descending body w a s  s t i l l  i n t ac t .  
collapse began at  a s l i g h t l y  lower a l t i t u d e  and progressive separations 
followed. The resu l t ing  t r a j ec to r i e s  of t he  fragments w e r e  photographed but 
veloci ty  data  f r o m  the  l a t e r  f l i g h t  records are not complete. The separation 
of the  main body in to  17 pieces w a s  photographed wel l  enough so t h a t  4 of the  
resu l t ing  meteorites were found from the  tracking data.  Table V I 1  gives the  
veloci ty  and deceleration data  f o r  t he  beginning segment of t he  t ra jec tory .  
The luminosity data  from the reference have been p lo t ted  i n  f igures  in t ro -  
duced l a t e r  i n  th i s  report .  

A t  the  OnGejov Observatory, one camera 

S t ruc tu ra l  

RESULTS 

It i s  the  purpose of t h i s  report  t o  determine t o  what extent analysis  of  
meteor tracking data  can contribute t o  our knowledge of  heat t r ans fe r  t o  
large entry bodies i n  continuum flow at  en t ry  speeds wel l  i n  excess of ea r th  
parabolic speed. Results of t he  analyses of each of the  s i x  meteors i n t r o -  
duced i n  the preceding sections w i l l  be given and discussed i n  order t o  
attempt t o  answer the  following questions, which are bas ica l ly  three: 

1. Can the  photographic record of t he  f l i g h t  of a meteoric body through 
t h e  atmosphere provide the  measurement of ve loc i ty  as a function of a l t i t u d e  
with the  degree of accuracy required f o r  the  meteor s i z e  and heat- t ransfer  
r e s u l t s  t o  be meaningful when analyzed by t h e  dynamical method? 



2. Do t he  heat- t ransfer  r e s u l t s  appear reasonable? I n  par t icu lar ,  what 
do they infer regarding the  s t ruc tu ra l  i n t eg r i ty  of meteoric bodies subjected 
t o  large aerothermodynamic loads? 

3. Does the  photometrical method of analysis  y i e ld  r e s u l t s  i n  agreement 
with t h e  dynamical method? I n  par t icu lar ,  does it appear t h a t  the  assumption 
of a constant value f o r  t he  luminous eff ic iency fac tor ,  TO,  independent of a i r  
density, s ize ,  o r  speed, i s  valid? 

Meanook Meteor 132 

The reduced3 ve loc i t ies  and accelerations data  are given by the  c i rc led  
points i n  f igures  1 and 2. The s o l i d  l i n e s  on these f igures  show veloci ty  
and acceleration var ia t ion with a l t i t u d e  calculated by means of a s ix th-  
degree, least-squares polynomial f i t  i n  which a l l  ve loc i ty  and acceleration 
data  were used t o  evaluate the  coeff ic ients  i n  t h e  ser ies .  Not only do the  
reduced f l i g h t  data  show remarkably smooth var ia t ions with a l t i t u d e  but these 
data are self-consis tent  as indicated by the  r e s u l t s  obtained f r o m  the  se r i e s .  

In  f igure  3 the  var ia t ions of meteor density-radius product with a l t i t u d e  
as deduced from the  point-to-point solut ion and the  se r i e s  representation of 
the data  a re  seen t o  be i n  good agreement, except a t  t he  highest a l t i t udes  
where small e r rors  i n  acceleration can promote la rge  e r rors  i n  the meteor 
density-radius product. The r e su l t s  a r e  cer ta in ly  acceptable. 4 

The c i rc led  points of f igure  4 give the  measured luminous in t ens i ty  as a 
function of a l t i t u d e  f o r  t h i s  meteor. The s o l i d  curves show what i s  calcu- 
l a t ed  as t o t a l  luminous in t ens i ty  f o r  meteor dens i t ies  of 800 and 900 kg/m3 
presuming t h a t  t h e  luminous eff ic iency fac tor ,  -ro, has the value suggested by 
Jacchia ( see  appendix E, eqs. ( E l 2 )  and ( E l 3 ) ) .  The dashed curves represent 
t he  calculated contribution of the  shock layer  t o  the  luminous in t ens i ty  
which, f o r  t h i s  meteor, i s  a small pa r t  of  the  t o t a l .  The inference, here, 
i s  t h a t  the meteor density i s  between 800 and 900 kg/m3 - t ha t  i s  t o  say, l e s s  
than the  density of water (1000 kg/m3). The f a c t  t h a t  the  var ia t ion of the  
calculated and observed in t ens i t i e s  with a l t i t u d e  i s  roughly the same ind i -  
cates t h a t  -ro i s  apparently not importantly influenced by meteor veloci ty  
or air density but  it should not be infer red  from t h i s  f igure  t h a t  t he  proper 
value f o r  T~ could not be e i the r  la rger  or smaller than t h a t  used f o r  these 
calculations.  For example, had the  value of -ro used been zero the  

31n t h i s  report  "or iginal  data" i s  defined as the  data  deduced from each 
and every segment of  t he  occulted meteor t rack  on the  meteor camera photo- 
graphic p la tes  while "reduced data" i s  t h a t  obtained from least-squares f i t s  
t o  groups of o r ig ina l  data  points;  see appendix B. 

%Tote t h a t  the  abscissa of f igure  3 should properly be ( h r / C D ) .  
i f  CD were t o  increase a t  the  highest a l t i t udes  shown, one could account f o r  
the observed t rend.  J u s t  such an increase would occur i f  t h i s  region were 
characterized by t r ans i t i on  from continuum (CD "= 1) t o  f r e e  molecular (CD 2 2) 
flow. For the  expected density the body s i z e  i s  so  la rge  r e l a t i v e  t o  the mean 
free path t h a t  t h i s  explanation i s  not a t t r a c t i v e  here. 

Thus 
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agreement between the shock layer  luminous in t ens i ty  alone would have agreed 
about as well  with t h e  observed in t ens i t i e s  i f  the meteor density were 
assumed t o  be 240 kg/m3. This i s  seen i n  f igu re  5. However, it must be 
noted t h a t  -r0 
value because t h e  observed spectrum ( r e f .  24) shows such strong radiat ion i n  
the  wavelengths corresponding t o  the  typ ica l  meteoric mater ia l  ( iron, calcium, 
e t c . )  t h a t  the  a i r  rad ia t ion  wavelengths are not evident by comparison. 

cannot be e i the r  zero or very s m a l l  compared t o  Jacchia 's  

Figure 6 gives t h e  var ia t ion of t he  heat- t ransfer  fac tor ,  CH/CD(, with 
a l t i t ude .  The  point-to-point values a re  shown as the  c i r c l ed  values w h i l e  
t he  se r i e s  values are shown by the  so l id  l i ne .  The dotted curves represent 
t h e  estimated values' f o r  t h e  heat- t ransfer  f ac to r  when the  meteor density i s  
assumed t o  be 900 kg/m3 f o r  both vapor and f l u i d  ablation. It i s  seen t h a t  
even the  estimated values f o r  f l u i d  ablat ion f a l l  short  of those deduced from 
the  f l i g h t  data  by the  dynamical method. Presumably t h i s  low-density mete- 
o r i c  body, supposedly porous, was  subject t o  successive s t ruc tu ra l  f a i l u r e s  
f r o m t h e  high aerodynamic and thermodynamic s t r e s ses  induced so that a fa i r  
f r ac t ion  of t he  surface mater ia l  w a s  ablated i n  the s o l i d  s t a t e .  Thus the  
heat of ablat ion would be low so t h a t  the heat- t ransfer  fac tor  exceeds what 
would otherwise be expected. 

Let us turn  now t o  the r e su l t s  as predicted by the  photometrical analy- 
s i s .  The bes t  f i t  f o r  veloci ty  and accelerat ion w a s  obtained with an assumed 
meteor density of 850 kg/m3. Figures 7 and 8 give the  r e s u l t s  which a re  cer -  
t a i n l y  sa t i s fac tory  when compared t o  the  f l i g h t  data.  Figure 9 shows a com- 
parison of t he  meteor density-radius product as determined by the  photometri- 
c a l  analysis with those deduced by point-to-point dynamical analysis ( c i r c l e d  
points)  and the  least-squares se r i e s  dynamical analysis (dashed curve). Fig- 
ure 10 shows a s i m i l a r  comparison of the  r e s u l t s  obtained from the  photomet- 
r i c a l  and dynamical methods f o r  the  var ia t ions w i t h  a l t i t u d e  of the  heat-  
t ransfer  fac tor .  These r e s u l t s  a re  i n  ra ther  remarkable agreement. 

A l l  i n  a l l ,  the  r e s u l t s  of  t h i s  study of Meanook meteor 132 are  most 
encouraging. The reduced veloci ty  and accelerat ion data  as well  as the  
observed luminous in t ens i ty  a re  of high qual i ty  and a re  mutually consis tent .  
One cannot escape the  conclusion that  tracking of meteors by the  photographic 
method can be precise.  

On&e jov Meteor 15761 

It i s  of considerable i n t e r e s t  t o  compare the  r e s u l t s  of t h e  dynamical 
analysis of t h i s  meteor w i t h  t h a t  of Meanook meteor 132. Figures 11 and 12 
give the  reduced data  f o r  t h i s  meteor and compare it with the  sixth-degree 
least-squares se r i e s  r e s u l t s  f o r  which the  se r i e s  coeff ic ients  a r e  based on 
a l l  the veloci ty  and accelerat ion data.  A s  f o r  the  previous ineteor, t he  

which contained some serious e r rors  i n  evaluation of radiat ion heat- t ransfer  
contributions.  

'The present estimates do not agree with those given i n  reference 23 



veloci ty  var ia t ion with a l t i t u d e  appears smooth and w e l l  defined. The 
accelerations are not so sat isfactory,  however, bu t  t he  reduced values of 
mean error  appear su f f i c i en t ly  large,  i n  t he  main, t o  permit a reasonably 
smooth var ia t ion t o  be defined. The meteor density-radius product, as seen 
i n  f igure  13, now appears ragged and ill defined. The serious weakness of 
the dynamical method i s  t h a t  i n  passing from veloci ty  t o  acceleration (or t o  
the  density-radius product) t o  the  heat- t ransfer  fac tor ,  each function 
involves, i n  turn,  d i f fe ren t ia t ion  of t he  last .  Thus unless the  velocity,  
fo r  example, is  unusually wel l  defined, t he  heat- t ransfer  results are apt  t o  
appear chaotic. On first v i e w  of these 
r e s u l t s  they appear t o  be worthless. 
tude d is t r ibu t ion ,  one calculates  by t h e  dynamical method the  mean value of 
t he  heat- t ransfer  f ac to r  over the  whole a l t i t u d e  range, one obtains 

Figure 14 demonstrates t h i s  w e l l .  
But, i f  instead of looking a t  the  a l t i -  

- cH x 10' = 1.98 t 0.71 sec2/m2 
05. 

by the  point-to-point method which compares favorably w i t h  

CH - x 10' = 2.13 sec2/m2 
CD5. 

f o r  t he  mean value obtained from the  se r i e s  method. 

A question na tura l ly  arises as t o  why the  qua l i ty  of the  data  f o r  t h i s  
meteor appears t o  be so in fe r io r  t o  t h a t  f o r  t he  Meanook meteor 132. One 
l i k e l y  explanation i s  t h a t  on the  night the  Czechoslovakian meteor was photo- 
graphed, the  upper atmosphere w a s  turbulent s o  t h a t  t he  l i g h t  was  d i f f rac ted  
i n  d i f f e ren t  direct ions a t  d i f fe ren t  posi t ions along the  t ra jec tory  leading 
t o  an apparent f luc tua t ion  i n  speed which, i n  f a c t ,  was not real. Such 
atmospheric turbulence causes j i t t e r  of a f ixed  star image seen through a 
telescope. 
tion."" Conversely, the  Canadian meteor r e s u l t s  w e r e  probably obtained under 
good seeing conditions. 

Astronomers r e f e r  t o  such a s i tua t ion  as "a poor seeing condi- 

Figure 15 gives the  observed luminous in t ens i ty  f o r  t he  On&ejov meteor 
15761 as shown by the  s o l i d  curve. 
charac te r i s t ics  f o r  an assumed meteor density o f  1000 kg/nF. The agreement 
between the  calculated and observed trends are so inadequate as not t o  f i x  
the  probable value of density by examination of t h i s  f igure.  The photometric 
analysis does indicate  t h a t  about the  bes t  f i t  of t he  meteor density-radius 
product with t h a t  calculated from the  dynamical analysis  gives a meteor den- 
s i t y  of 1100 kg/m3, as shown on f igure  16, which was accordingly the value 
used i n  estimating the  heat- t ransfer  charac te r i s t ics .  As f o r  Meanook meteor 
132 t h i s  meteor i s  apparently composed of some w e a k  porous material. 

The dashed curves show the  calculated 

- - -  - _  - -  - - - - . - - -  

%t would seem advisable a t  meteor photography s t a t ions  t o  i n s t a l l  a 
telescope t o  measure the  j i t t e r  of the  image of some f ixed  star (e.g., 
Polar i s )  so t h a t  t he  probable accuracy of the  meteor tracking data  could be 
assessed . 
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The results of t he  photometrical method appear far more sa t i s fac tory .  
Figures 16, 17, and 18 compare the  meteor density-radius product, velocity,  
and acceleration from this method and from the  dynamical method. Finally,  
f igure  1.9 compares the  heat- t ransfer  r e s u l t s  of t he  photometrical analysis 
with the  series method of t he  dynamical analysis.  The photometrical r e s u l t s  
a r e  reasonable ones. As  f o r  Meanook meteor 132, a constant value f o r  T~ 
therefore  seems appropriate. 

Harvard Meteor 1242 

Figures 20 and 21 give the  veloci ty  and accelerat ion data  f o r  t h i s  
meteor and, f o r  comparison, t h e  r e s u l t s  of a fourth-degree least-squares 
series. The comparison i s  not encouraging. Thus the  curves of meteor 
density-radius product ( f ig .  22) and the  heat- t ransfer  f ac to r  obtained 
( f i g .  23) are ragged. However, if one excludes the  high-al t i tude point-to- 
point value f o r  the  heat- t ransfer  fac tor ,  the  point-to-point results would 
seem reasonable f o r  stone (pm = 3400 kg/m3) when compared with the  estimated 
values. However, a comparison of t he  calculated luminosity employing 
Jacchia 's  value f o r  luminous eff ic iency (appendix E) favors some more dense 
mater ia l  such as i ron (pm = 7800 kg/m3) as the  meteoroid composition 
( f ig .  24). 

It i s  the  opinion of Cook, Jacchia, and McCrosky (ref. 26) t h a t  th i s  
meteoroid i s  a typ ica l  as te ro ida l  stone, so t h a t  one perhaps can use the  
photometrical analysis  t o  define a b e t t e r  value f o r  the  luminous eff ic iency 
fac tor ,  -r0, than t h a t  used throughout t h i s  report .  Accordingly, i n  these 
calculations a range of values were assumed f o r  ' r 0 .  Figures 25, 26, and r( 
give the  velocity,  acceleration, and meteor density-radius r a t i o  f o r  the  
"best f i t "  case f o r  which 

20 kw sec4 
T~ = 0.85~10- 

kg m5 

The heat- t ransfer  f ac to r  from the  photometrical analysis with t h i s  value of 
t he  luminous e f f ic iency  f ac to r  i s  shown i n  f igu re  28 wherein it i s  compared 
with the  point-to-point values from the  dynamical analysis  and with the  
estimates f o r  stone. These photometric values are l e s s  ragged i n  t h e i r  a l t i -  
tude var ia t ions than are the  dynamical values. One expects this  behavior 
from such a small and slow-speed stone body because aerodynamic loads and 
thermal s t r e s s  are low so t h a t  so l id - s t a t e  ablat ion should be minimized. The 
ve loc i t ies  are low so that the  estimated values should be reasonably accurate, 
as e s sen t i a l ly  no extrapolation of our present knowledge i s  required. Never- 
the less ,  the  photometric values are well  above the  vapor estimates.  



Sacramento Peak Meteor 19816 

The reduced data for velocity and acceleration are compared with the 
fifth-degree least-squares series solution in figures 29 and 30, respec- 
tively. Figures 31 and 32 give the meteor density-radius product and the 
heat-transfer variations with altitude, respectively, for both the point-to- 
point and series solution of the dynamical analysis. The estimated heat- 
transfer characteristics assuming vaporizing stone (& = 3400 kg/m3) are in 
reasonable agreement with the point -to -point values when the probable errors 
are taken into account. The assumption of stone density seem to give fair 
to poor agreement between the level of the calculated and observed luminous 
intensity7 (fig. 33). 

As in the case of the preceding meteor, this one is considered (ref. 26) 
to be typical asteroidal stone. Hence, again, the photometrical analysis 
might serve to give a better value for the luminous efficiency factor, -r0, 
than that which has been used throughout this report. 
and 36 give the velocity, acceleration, and meteor density-radius product for 
the "best fit" value which is 

Figures 34, 35, 

Figure 37 gives the heat-transfer-factor variation with altitude from 
the photometrical analysis with the above value for the luminous efficiency 
factor. Point-to-point dynamical analysis results are given for comparison 
as well as the estimates for stone. The values are on the average somewhat 
above the estimates for vapor ablation. 

On&e jov Meteor 27471 

For this meteor, velocity data only are given. Figure 38 compares the 
original data with a fit by a fourth-degree least-squares series. Figure 39 
gives a similar comparison with the reduced data. If one uses the reduced 
velocity data to define a series in which the seven velocity values determine 
seven coefficients, the resulting accelerations are those shown by the cir- 
cled points in figure 40. These values are, therein, compared with the 
fourth-degree least-squares series result and the agreement is excellent. 
Hence, as seen in figure 41, the agreement in the meteor density-radius prod- 
ucts is also very good except at the highest altitudes where small differ- 
ences in acceleration make large changes in the value of the product. The 
variation in heat-transfer factor with altitude (fig. 42) shows similar 
agreement. Luminosity data are not available for this meteor so no photomet- 
ric analysis could be made. The estimated heat-transfer characteristics were 

._ . . . . . - .  . . .  . . . .  _ .  

71t will be noted that more original data are given in the figure than 
in reference 26. These were provided by D r .  R. E. McCrosky in a private 
communication. 
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evaluated assuming t h a t  t he  meteoroid was  e i t h e r  heavy stone or iron. 
vapor ablat ion there  i s  l i t t l e  difference i n  the  estimate unl ike the  case f o r  
f l u i d  ablation. Ceplecha, from examination of the spectrum, considered tha t  
t h i s  meteor could have been iron. The dynamical analysis values l i e  between 
the  vapor and f l u i d  estimates. They suggest t h a t  t h i s  meteoric body may wel l  
be i ron  which experienced su f f i c i en t  ablat ion as vapor t o  reduce the  heat-  
t r ans fe r  coeff ic ient  from t h a t  estimated f o r  i ron with purely f l u i d  ablat ion.  

For 

On&e jov Meteor P%bram 

Before examining the  PFhram case 
i n  d e t a i l  it i s  advisable t o  review the  
fundamental equation of motion used i n  
the  analysis .  Equation (l), as it 
stands, i s  correct  f o r  a body which 
e i the r  does not ablate  i n  the  vapor 
phase, or, i f  it does, experiences no 
ne t  react ion i n  the  d i rec t ion  of  motion 
from such ablation. For bodies i n  con- 
tinuum flow which experience vapor 
ablation, such w i l l  not usual ly  be the  
case since some j e t  react ion t o  
increase the  retarding force i s  t o  be 
expected. One may approximate the  mag- 
nitude of t h i s  react ion i n  the  follow- 
ing way:8 
ablatio,n from the  forward face of t he  
body provides a two-gas flow f i e l d  i n  
the compression cap. If the  e f f lux  of 
vapor i s  not large,  the  pressure i n  the  
gas cap ahead of the  in te r face  w i l l  be 
e s sen t i a l ly  the same as it would have 
been i n  the  absence of ablation. The 
average value f o r  t h i s  pressure i s  
therefore  the  drag per u n i t  area 

A s  shown i n  sketch (a )  

CDPV2 
1 p = -  
2 (34) 

Sketch (a) 

The equation of motion i s  theng - if V,, t he  veloci ty  of e f f lux  of the  
vapor from the  surface r e l a t i v e  t o  the  body, i s  a r b i t r a r i l y  assumed, f o r  
m a x i "  r e t ro thrus t ,  t o  be counter t o  the  d i rec t ion  of motion of t he  body 

%his analysis w a s  developed jo in t ly  by B a r r e t t  Baldwin, Vernon ROSSOW, 

'See reference 29 f o r  a discussion of t he  equation of motion of a body 
E. D a l e  Martin, and t he  senior author of t h i s  report .  

experfencing a change of mass with time. 
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- . . . . . . - ... .. . 

dV 1 dm m - = mg s i n  0 - - C,pV2A + V, - 
d t  2 d t  

and since 

- _  dm - -pvVvA 
d t  

The gas l a w  with equation (34) gives 

so t h a t  equation (37) becomes 

dV 1 
d t  2 

m - = mg s i n  0 - - C ~ ~ V ~ A  

(35) 

(36) 

(37) 

(38) 

(39) 

Now, i n  equation (lo), the  k ine t i c  energy of t h e  ablat ing vapor must be added 
t o  t h e  i n t r i n s i c  heat  of ablat ion so 

With equations (36) and (38) t h i s  becomes 

The solution f o r  V, i s  

where I V, = 2E s inh  9 3 

Thus the  motion equation can be wri t ten 

dV 1 
d t  

m - = mg s i n  e - C D ~ ~ ~ ~ V ~ A  ( 4 3 4  
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wherein the maximm possiljle value of CDeff is 
-I 

wherein 

For values of cp of interest in this report cp sinh cp 

where for a molecular weight of vapor of 50 

R = 166 m2/sec2 OK 

and with 

gives 

For all of the meteors except Pyibram, the estimated heat-transfer coeffi- 
cient is sufficiently small compared to the drag coefficient or the speeds 
are so low that the effect of retrorocket thrust from ablated vapors is 
trivial, as can be seen in figure 43. 

For ~ibrard. the assumption of unity for the drag coefficient can be in 
considerabl? error at the lower altitudes. 
data for PFibram we have therefore considered the two extremes for the drag 
coefficient (see appendix D) 

For several of the analyses of 

or 

\ 
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It was noted earlier for the Psibra meteor that, although the rotating 
shutter tracking cameras provide flight data for about a 50-kilometer alti- 
tude change, the body was so large that the speed change over this interval 
was very small indeed (less than 500 m/sec in more than 20 km/sec total). 
Nevertheless, the quality of the data on velocity (fig. 44) and acceleration 
(fig. 45) at first glance appears excellent. A second-degree polynomial fit 
using all the reduced data to determine the series coefficients gives 
smoothly varying values which with few exceptions lie within the listed mean 
errors. However, when one examines the variation of meteoroid radius with 
altitude, assuming a drag coefficient of unity, one finds (fig. 46) that the 
indicated variation is unrealistic (i.e., over a range of altitude, radius 
increases with decreasing altitude). 
radius at entry might have been as large as, perhaps, 0.3 m but more likely 
less. It is interesting to note that Ceplecha (ref. 28) has estimated that 
the initial mass for a drag coefficient of unity (r = 0.5) was 700 kg which 
corresponds to a radius at entry of 0.37 m. 

The series results suggest that the 

Another attempt was made to ascertain the probable size of this meteoric 
body using an analysis, employing a step-by-step integrational procedure, as 
follows: For an assumed body radius at an altitude of 100 km with assumed 
velocity of 20,867 km/sec, the estimated heat transfer and drag coefficient 
(appendix D) were found. 
altitude to find the values of r and V at 99-km altitude. The procedure 
was repeated down to an altitude of 40 km. 
range of values of initial radius and for both the maximum effective drag 
coefficient (eq. (45b)) and the minimum (eq. (45a)). The results of these 
calculations are shown in figures 47 and 48. Figure 47 suggests that the 
radius must be much less than 0.1 m,1° while 48 suggests that it might be 
between 0.1 and 0.2 m. 

These values were used over an interval of 1 km 

The calculations were made for a 

The photometrical analysis of PFZbram followed the procedure outlined in 
appendix C. 
coefficient could be the minimum or maximum. 
radius variation with altitude for entry radii up to 1.6 meters. 
the photometrical results are at variance with the dynmical results in that, 
as seen in figure 49, the initial radius must be of more than 1.3 meters if 
the body is not to vanish before it reaches an altitude of 40 km. The veloc- 
ities and accelerations as obtained from the photometrical analysis are shown 
in figures 50 and 51. The results for the large radius are in complete dis- 
agreement with the data even for those results obtained with the maximum 
effective drag. With reference to the luminous intensity (fig. 52)11 the 
photometrical analysis indicates that the calculated luminous intensity= 
Prom the shock layer accounts for all the luminosity at the highest altitudes 

is about 6 kg. 
14 kg. 

minim effective drag case. 
are the same. 

altitudes since no allowance for absorption within the layer was made. 

As noted therein the analysis assumed that the effective drag 

Clearly, 
Figure 49 shows the calculated 

"Such small values are absurd. The total mass of the found meteorites 
The mass of a chondrite having a radius of 0.1 m is only 

'%n this figure the gas-cap luminous intensity is shown only for the 
The values for the m a x i m  effective drag case 

=The calculated shock-layer intensities are in error at the lower 
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when the  entry radius i s  about 1.8 m. 
a heat- t ransfer  coef f ic ien t  of un i ty  and with a l l  the  released energy appear- 
ing as v i s ib l e  l i gh t ,  the  radius must be a mini" of about 4 meters. 

However, a t  @e& in tens i ty ,  even with 

One p a r t i a l  explanation f o r  t h i s  la t ter  inconsistency is  the  following: 
I n  reference 30 it i s  noted that a t  very high speeds the  rad ia t ion  from the  
shock layers  of a blunt body w i l l  be predominantly i n  the  u l t r a v i o l e t  wave- 
lengths. If the  air density ahead o f  t he  shock i s  su f f i c i en t ,  t h i s  rad ia t ion  
w i l l  be absorbed i n  the  region immediately ahead of and beside the  shock 
layer .  Presumably, a t  the  lower a l t i t udes  t h i s  preheating could su f f i ce  t o  
produce v i s ib l e  radiat ion from t h i s  region and so mater ia l ly  increase the  
apparent v i s ib l e  rad ia t ion  from the  gas cap. However, t h e  calculated value 
of q f o r  t h i s  meteor at t h e  lower a l t i t udes  i s  about 0.1 and one would not 
expect t h e  preheating t o  more than double o r  t r eb le  t h i s  value. This pre- 
sumed phenomenon i s  thus alone incapable of explaining the  la rge  discrepancy 
which exists. 

Another p a r t i a l  explanation i s  the  following: It i s  readi ly  appreciated 
t h a t  f o r  t h i s  meteor a t  lower a l t i t udes  the  heating r a t e s  a re  very high so 
t h a t  e s sen t i a l ly  an explosive e f f lux  of ablated mater ia l  i n  the  so l id  as wel l  
as the gaseous state may have occurred.13 
the  large e f fec t ive  s ize .  Moreover, the  e f f lux  of mater ia l  should, i n  the  
main, be toward the  d i rec t ion  of motion so  t h a t  t he  deceleration of t h e  main 
body would be enhanced. This may serve t o  explain, i n  pa r t  a t  l ea s t ,  t he  
discrepancy between the  measured veloci ty  var ia t ion with a l t i t u d e  and t h a t  
expected from photometric consideration. 

Thus one conceivably may explain 

This meteor record i s ,  thus,  enigmatic. The results of the photometri- 
c a l  analysis  a re  not self-consis tent  nor a re  they consis tent  with the  meager 
r e s u l t s  obtained from the  dynamical analysis.  

DISCUSSION AND CONCLUDING FSMARKS 

W i t h  reference t o  the  dynamical method of analysis of meteor tracking 
data  obtained rrom the  conventional photographic technique, it appears t h a t  
with "good seeing" conditions, as f o r  Meanook 132 t h e  velocity-acceleration 
record can, i n  f a c t ,  be su f f i c i en t ly  precise  t o  y i e ld  valuable heat- t ransfer  
data  i f  t he  meteor density is  known o r  can be infer red  from a photometrical 
analysis.  

It appears t h a t  t he  photometrical method of analysis  i s  sound i n  pr inc i -  
ple .  The Meanook meteor 132 and t he  On&ejov meteor 15761 luminosity data  
suggest t'nat t he  luminous e f f ic iency  f ac to r  To apparently i s  constant o r  

- .  

13Plate I1 of reference 1 i s  a remarkable photograph of t he  Pasamonte 
meteor f o r  which such explosion occurred. This f r i a b l e  meteoric body, which 
must have been of great  mass, was reduced t o  dust and a multitude of s m a l l  
meteorites during i t s  en t ry  t o  t h e  atmosphere. O f  the more than 100 meteor- 
i tes  found, the mass of the  l a r g e s t  w a s  but  292 gr .  
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nearly s o  (i.e.,  not a strong function of speed or air density) i n  continuum 
flow. However, f o r  these meteors t he  density i s  an unknown - the  photometric 
analysis w a s  used, i n  f a c t ,  t o  estimate s i z e  - so  the  magnitude of -r0 can- 
not, of course, be inferred from these examples. 

On the  other  hand, t he  Harvard meteor 1242 and t h e  Sacramento Peak 
meteor 19816 a re  presumably as te ro ida l  stone so t h a t  t h e i r  density would be 
expected t o  be about 3400 kg/m3. 
ref ined estimates of t he  luminous eff ic iency f ac to r .  A l s o  s ince t h e i r  speeds 
during entry are considerably different  they may, perhaps, shed some l i g h t  on 
the  var ia t ion of T~ with speed. For the unusually slow Harvard meteor 1242 
the  peak luminosity occurs i n  the  range from 9 t o  12 km/sec while f o r  t h e  
Sacramento Peak meteor 19816, i n  the  range 12 t o  1.9. 

These two meteors, therefore,  permit 

In  f igu re  53 t h e  "best f i t "  values f o r  -r0 f o r  these two meteors a re  
p lo t ted  as a function of  speed and compared with the  value used as a standard 
i n  t h i s  report .  It is  seen t h a t  but  a tr ivial  var ia t ion  with speed i s  ind i -  
cated and t h a t  t he  standard (Jacchia 's  value) used i n  the  report  i s  probably 
too high f o r  stones i n  continuum flow. It i s  of i n t e r e s t  t o  note t h a t  i n  
reference 26 a smaller value of 
these same two meteors). 
the  u n i t s  of t h i s  report ,  i s  

To appeared appropriate (from analysis  of 
The suggested value f o r  stones (from r e f .  26), i n  

4 
To = 1.06~10-~~ kw 

kg m5 

This value i s  i n  e s sen t i a l  agreement with t h e  r e s u l t s  of t he  analysis  of t h i s  
report .  

Had lower value than Jacchia 's  been used i n  the  photometric analysis 
of t he  Pgibram meteor, an even la rger  value f o r  t he  probable i n i t i a l  s i z e  for 
t h i s  body would have been obtained. 
15761 would have been estimated t o  be of even lower density. 

Similarly,  t he  Meanook 132 and On&ejov 

Not much can be inferred about t h e  heat- t ransfer  charac te r i s t ics  of the  
various meteors from the  comparison of t h e  f l i g h t  values of the  heat- t ransfer  
f ac to r  with the  estimates. All of these meteors are large enough t o  have 
experienced continuum flow during the  high-heating period of f l i g h t .  For the  
meteor 1242 the  r e s u l t s  of the  photometrical analysis and of t he  average f o r  
t he  dynamical analysis e s sen t i a l ly  agree with t h e  estimates f o r  f l u i d  abla- 
t ion .  For a stone meteoroid with such a slow speed of  entry t h i s  would not 
be surprising, as noted e a r l i e r .  Sacramento Peak meteor 19816, f o r  which the  
f l i g h t  speeds a re  considerably higher, shows both from the  photometrical and 
dynamical r e s u l t s  t o  be i n  much closer  agreement with the  estimates f o r  vapor 
ablation. This, again, i s  i n  keeping with expectation. For the  other  mete- 
ors the  r e s u l t s  a r e  more inconclusive. Both Meanook meteor 132 and On&ejov 
meteor 15761 are  apparently composed of porous stone t h a t  i s  probably weak. 
The f a c t  t h a t  t he  heat- t ransfer  fac tors  even exceed what was  estimated f o r  
f l u i d  ablat ion i s  therefore  not surprising. 
entered the  atmosphere a t  a considerably higher speed than the  others ,  t he  
f l i g h t  heat- t ransfer  fac tors  are reasonably consis tent  with the  assumption 

For On&ejov meteor 27471, which 
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that t h i s  body i s  i ron  as suggested by Ceplecha. 
not self-consis tent  and so do not provide fu r the r  heat- t ransfer  information. 
This i s  most unfortunate f o r  it i s  the  only meteor considered f o r  which the  
density i s  assuredly known. 

The €’&ram meteor data  are 

The indicat ion of a l l  these comparisons is ,  however, t h a t  t h e  estimated 
heat- t ransfer  fac tors  for vapor ablat ion a re  low. One reason f o r  t h i s  d i s -  
crepancy noted i n  reference 31 i s  t h a t  t he  estimated heat- t ransfer  coeff i -  
c ien ts  have not included one important contribution, namely the  heating due 
t o  rad ia t ion  from the  ablated vapor. T h i s  contribution m y  be approximated 
i n  the  following way: The t o t a l  rad ia t ion  rate resu l t ing  from ablation, Ea, 
a l l  of which i s  assumed t o  be  luminous, must be the  sm o f s t h a t  observed cor- 
responding t o  Ia  and t h a t  pa r t  received by the  meteor, kEa. Then from the  
def in i t ion  of luminous in tens i ty ,  t he  t o t a l  ablat ion rad ia t ion  r a t e  i n  un i t s  
of kg m2 s ~ c - ~  m u s t  bel“ 

The ablat ion heat- t ransfer  coef f ic ien t  i s  thus 

435 (L) 8 (&) Iaxi013 
- 1 - k  
- ‘Ha = -- 

. . 1 po pv3r2 - pV3A 
2 

which should be added t o  the  o r ig ina l  estimated CH values. But from 
appendix E (eq. (q)) with CH, included 

so t h a t  

should be added t o  the  o r ig ina l  estimates. 

. -  

‘*The blocked 
viewed, bu t  s ince 
ignored. 

(47) 

. _ _  - 

l i g h t ,  kl&, depends on the  aspect from Ghich the  meteor i s  
k’ i s  smal l ,  t he  e r r o r  due t o  change i n  viewing aspect i s  
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Low values of k are t o  be expected because the  l a rges t  portion of t he  
t o t a l  ab la t ive  rad ia t ion  emanates from the  wake. This i s  evident i n  the  
photograph15 of f igure  54 of an ablat ing cone -cylinder body composed of 
"Lexan," a mater ia l  t h a t  produces unusually intense radiat ion from i t s  
ablated vapor. In  an unpublished work Jack Stephenson of Ames Research 
Center has calculated values of  k f r o m  f l i g h t  experiments a t  lower speeds 
than of i n t e r e s t  here.  H e  finds k t o  be a function of a i r  density and 
velocity.  Values of k f o r  vapor ablat ion up t o  0.05 were found ( i . e . ,  most 
of the  rad ia t ion  i s  i n  t h e  wake) but  there  i s  no assurance t h a t  la rger  values 
might not be appropriate for meteor conditions. (Values for k with f l u i d  
ablat ion would be m c h  less . )  For the  value of -r0 used herein (eq. ( E l 3 ) )  
and f o r  vaporizing stone ( t ab le  I) equation (49) y ie lds  the  values of  
shown on f igu re  55. A s  speed increases, it i s  c l ea r  t h a t  ablat ion radiat ion 
can be an important contribution. This is  pa r t i cu la r ly  true i f  k f o r  
meteor conditions i s  much greater  than Stephenson found a t  lower speeds. In  
f a c t ,  as noted by Craig and D a v y ,  equation (49) becomes unstable a t  some 
veloci ty  f o r  which the  denominator goes t o  zero. O f  course, the heat-  
t ransfer  coef f ic ien t  then, i n  r e a l i t y ,  approaches a l imit ing value as d i s -  
cussed e a r l i e r .  

C H ~ / C H  

The NASA has recent ly  supported a proposal by the  Smithsonian A s t r o -  
physical Observatory t o  construct and operate a network of meteor observa- 
t o r i e s  i n  the  midwestern s t a t e s  f o r  accurately tracking br ight  meteors by 
photographic methods w i t h  the  in ten t  of r e t r i ev ing  the  meteorites. This 
"Prair ie  Network," it i s  hoped, w i l l  provide us with much new and needed 
meteor data f r o m  which we stand t o  learn  a good deal  about t he  aerodynamics 
and heating of large bodies at speeds wel l  i n  excess of ea r th  parabolic 
speed. Because t h e  meteorites w i l l  hopef i l ly  be recovered, the  meteor den- 
s i t y  w i l l  be known so t h a t  much of the  uncertainty of  r e s u l t s  attendant with 
t h e  analyses of the meteors of t h i s  paper w i l l  be absent. I n  par t icu lar ;  we 
should be able  t o  learn much about the  influence of veloci ty  and a i r  density 
on the  luminous eff ic iency as well  as t o  provide b e t t e r  estimates of heat-  
t ransfer  f ac to r s  f o r  comparison with the  r e s u l t s  deduced from the  f l i g h t  
data. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  Cal i f . ,  Feb. 28, 1964 

- -  

15This photogrgph w a s  made with an "image-converter" camera by M r .  
Max Wilkins i n  a b a l l i s t i c  range of the  Ames Research Center. The body has a 
diameter of 1/2 inch and the f l i g h t  speed i s  7.2 km/sec. 
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APPENDIX A 

SYMBOLS 

The following symbols are used in this report. The symbols in 
parentheses are those used by meteor astronomers and are equal to the report 
symbols. 

Ash 

C 

C 

Kn 

2 

LO 

m 

Mb s 

coefficients of a power series in p, m2 . 
cross-sectional area of meteoroid sphere, I$ (Am2I3) 

area of bow shock assumed equal to A, m2 

constant 

constant 

drag coefficient, dimensionless (27 or 2r) 

heat-transfer coefficient, dimensionless (A  or A) 

acceleration, m 

time rate of radiant energy release, kg m2 

acceleration of gravity, m 

probable error functions, dimensionless 

altitude, m 

luminous intensity, kw m-2 

MP 
10 -0.4 

fraction of ablation vapor radiation received by body 

muasen number, 2 / r ,  dimensionless 

mean free path of air molecules at altitude h, m 

mean free path of air molecules at sea level, m 

mass, kg 

apparent bolometric magnitude of the sun 



MP 

Mv 

r 

S 

t 

T 

U 

v 

V 

a 

P 

6 

n 

e 

P 

PO 

- 
P 

Pm 

d 

7 

0 
ab s o lu t e photographic magnitude 

absolute v isua l  magnitude 

time rate of heating per u n i t  area,  kg s ~ c - ~  

radius of meteoroid sphere, m 

so la r  constant, k~ m-‘ 

t i m e ,  sec 

temperature, OK 

veloc i ty  normal t o  shock wave, m sec - l  

shock-layer volume, m3 

meteoroid veloci ty  at  any a l t i t u d e  h, m sec- I  

efflux veloci ty  of ablat ing vapor, m s e c - l  

ablat ion parameter, dimensionless 

inverse of sca le  height,  m-l 

shock-layer thickness, m 

probable e r ro r  or mean er ror  as case may be 

heat of ablat ion per un i t  mass i n  energy uni ts ,  m2 sec-‘ 
(Q o r  5 )  

f r ac t ion  of shock-layer rad ia t ion  i n  v i s ib l e  range of wave- 
lengths, dimensionless 

t r a j ec to ry  angle measured from l o c a l  horizontal, degrees of 
arc  (cos ZR = s i n  e )  

air  density at a l t i t u d e  

sea- level  a i r  density, kg/m3 

h, kg/m3 

r a t i o  of p t o  po 

meteor dens i t y  , kg/m3 

ablat ion asymptote, dimensionless 

luminous efficiency, kw sec3 kg-’ m-4 
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70 

W 

a 

C 

e 

eff 

E 

f 

g 

l i m  

max 

min 

n 

S 

U 

uu 

v 

0 

luminous eff ic iency fac tor ,  kw sec" kg-l m-5 

angle measured between radius t o  stagnation and radius t o  ' 

a rb i t r a ry  point,  radians 

Subscripts 

ablation 

convective 

e qu i l ib  r ium r ad i  a t  ive 

e f fec t ive  

entry t o  the  atmosphere 

f l u i d  ablat ion 

gas cap 

l i m i t  

maximum 

minimum 

nonequilibrium radia t ive  

stagnation point 

uncorrected f o r  approach t o  f r e e  molecular flow 

uncorrected f o r  approach t o  f r e e  molecular flow and f o r  
approach t o  l imit ing permissible value of  CH/CD 

vapor ablation 

sea l e v e l  

Superscripts 

power of density i n  equilibrium radia t ion  equation 

power of ve loc i ty  i n  equilibrium radia t ion  equation 

power of ve loc i ty  i n  nonequilibrium radia t ion  equation 



COMPUTATIONAL PROCEDURES FOR THE DYNMCAL METHOD OF 

ANALYSIS OF =OR TRACKING DATA 

The photographic p l a t e  of a meteor camera with a ro ta t ing  shut te r  of 
known ro t a t ion  rate provides a time-distance record of t he  descent of a mete- 
o r i c  body i n  the  atmosphere. 
second observatory camera, located along a base l i n e  some distance from the  
f i rs t ,  one can determine the velocity,  V, and the  acceleration, dV/dt, of t h e  
body as a function of time, t. The records provide, i n  addition, t he  angle 
between the  t r a j ec to ry  and t he  l o c a l  horizontal  Hence, 
the  veloci ty  and accelerations can a l so  be expressed as functions of  a l t i -  
tude, h. A very la rge  amount of "or iginal  data" i s  thus obtained but the  
accuracy of t h e  individual values i s  r e l a t i v e l y  poor f o r  many reasons (one of 
which i s  discussed i n  the  r epor t ) .  To improve the  accuracy of the  values, 
meteor astronomers customarily analyze groupings of these data by the  method 
of least squares. The r e s u l t s  of such analyses provide a l e s se r  amount of 
information of higher probable accuracy. These data  are re fer red  to ,  herein,  
as "reduced data. " 

From t h i s  p l a t e  and a s t reak  photograph from a 

8 (or ver t i ca l ,  ZR) .  

The Czechoslovakians make a pract ice  of publishing both the  o r ig ina l  and 
the  reduced data  and of including the  m e a n  e r r o r  i n  these data  as w e l l .  
Their repor t s  are thus very complete. I n  the  United S ta tes  and Canada the  
o r ig ina l  data  are not reported and generally the  probable e r ro r s  or mean 
er rors  a re  not given. 

Two computational methods have been employed i n  t h i s  report  f o r  de te r -  
mining t h e  s i ze  and heat- t ransfer  charac te r i s t ics  from the  meteor tracking 
data  provided. The f i rs t ,  ca l led  the  point-to-point method, employs the  
reduced data.  It i s  simple and conveniently provides probable or mean e r ro r s  
i n  the  f i n a l  r e su l t s  i f  the  probable or mean er rors  i n  veloci ty  and accelera- 
t i o n  a re  given. The second method, ca l led  the  se r i e s  method, can be used 
with e i t h e r  t he  o r ig ina l  or t he  reduced data  and i s  applicable whether or not 
acceleration information i s  provided. 

TKE POINT-TO -POINT METHOD 

For any a l t i t ude ,  h, the  product of the  meteor density 
found f o r  the given veloci ty  and accelerat ion from equation 

1 pV2 pmr = - ~ 

3c:p0 [ (dV/dt) - g s i n  8 

and radius may be 
(14)  as 

(B1) 



For mks u n i t s  and with the  1959 A R E  Standard Atmosphere 
(po = 1.225 kg/m3) and with CD = 1, then the density-radius product (kg/m2) 

1 [(dV/dt) - g s i n  e 
p r = -0.459 PV2 

m 

The gravi ty  term, as noted ea r l i e r ,  i s  generally t r i v i a l  and, accordingly, 
ignored. 

pm. given, the  mean e r ro r  
probable e r rors  - see r e f .  32) as 

The ac tua l  meteor s i z e  requires knowledge of t he  meteor density 
If the  mean er rors  i n  velocity,  AV, and i n  acceleration, A(dV/dt ) ,  a re  

A ( b r )  can be found ( t r e a t i n g  the  mean e r ro r s  as 

Equations (13) and (7) give 

and i f  we s e t  CH/CD[ constant over any a l t i t u d e  in t e rva l  hl (upper) t o  h2 
(lower) then 

so t h a t  f r o m  (Bl) and (B5), i f  CD i s  uni ty ,  

6 In {- p1VF[(dV/dt)2 - g s i n  01 
p2V2 [(dV/dt)l - g s i n  01 

The mean e r ro r  A(CH/CDC) can be found f r o m  (see r e f .  32) 

6 J G l 2  + Gz2 + G32 -+ G42 

Vi"  - Vz2 + 2g(hl - h2) 



where 

The values of C H / C D ~  and A(C!H/CDI;) a r e  assumed t o  apply a t  the  mean of 
the a l t i t udes  hl and h2. 

THE SERIES METHOD 

The method i s  based upon the  assumption t h a t  since V and r a re  f ine -  
t ions  of  h, they a re  a l s o  functions of p .  A power se r i e s  i n  p i s  there-  
fore  used i n  the  f o r m  

2n(V2 + 2gh) = a0 + alp + a2p2 + a3p3 + . . . anpn (B9) 

- Different ia t ion gives 

d dV dh - (V2 + 2gh) = 2V - + 2g - = (V2 + 2gh)(al  + 2a26 + 3a3p2 + . . . nanpn-’) 
dD dD dp 

so t h a t  equations (B10) and (B11) give 

As i s  wel l  known, a i r  density varies nearly exponentially with a l t i t u d e  
according t o  the  f o r m l a  

p = e  -Ph 

32 

k - I  



where /3 i s  nearly constant. Thus d i f fe ren t ia t ion  of equation ( B l 3 )  gives 

so t h a t  equation ( B 1 2 )  can be wri t ten 

(B1.5 1 
1 

d t  2 
_ -  dv - g s i n  0 + - (V2 + 2gh) s i n  O(a lp  + 2a2p2 + . . . nanpn) 

Table VI11 gives the  1959 A R E  values of p (from r e f .  1 9 )  and values of 
P + h(dP/dh) f o r  the  a l t i t u d e  range of i n t e r e s t  i n  t h i s  report .  
t i o n  ( B l 5 )  i n  t he  form 

Equa- 

(dV/dt) - g s i n  0 -n 
= a,; + 2a2p2 + 3a3p3 + . . . nanp 

(1/2)(V2 + 2gh)[P + h(dP/dh)]sin 0 (B16)  

i s  a l so  useful .  

Employing these series f o r  analysis i s  usefu l  i n  cases wherein: 

(a) The data  a re  incomplete. 

(b)  The data  var ia t ions with a l t i t ude  a re  e r r a t i c .  

( c )  The data  are both incomplete and e r r a t i c .  

An example of case (a) i s  one wherein nonerrat ic  reduced data  f o r  V 
are given but dV/dt data  are not. Then, if  p values of V are given as 
a funct ian of 
found up t o  and including an where 

h, values of t he  se r i e s  coeff ic ients  i n  equation (B9)  can be 

n = p - 1  031.7) 

Then the  accelerat ion can be found from equation ( B l 5 ) .  

An example of case (b)  i s  one wherein both V and dV/dt, which vary 
e r r a t i c a l l y  w i t h  a l t i t ude ,  are given f o r  p values of a l t i t ude .  I n  t h i s  
event one can f i n d  the  an coeff ic ients  f r o m  equations ( B 9 )  and ( ~ 1 6 )  f o r  

n < 2 p - 1  1 
by a standard least-squares method employing an e lec t ronic  computer. In  such 
cases, n can be as m c h  l e s s  than 2p - 1 as i s  necessary t o  smooth the  data.  
(For such cases, a, must be found from the  veloci ty  data  alone.) 

An example of case ( c )  i s  one wherein V i s  given f o r  p values of h 
but  the  data  are e r r a t i c  and no values of dV/dt a re  given. Then the  a 
coeff ic ients  can be found by least-squares solut ion f o r  
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where n i s  su f f i c i en t  t o  smooth the  data.  This procedure i s  valuable where 
large numbers of o r ig ina l  veloci ty  data  a re  given. 

I n  t h i s  report ,  wherein the  se r i e s  method of analysis has been employed, 
after the  se r i e s  coef f ic ien ts  were found, the ve loc i ty  and accelerations w e r e  
computed (using eqs. (B9) and (B15)) at in te rva ls  of 1000 m a l t i t ude .  
the  density-radius product was calculated f o r  each a l t i t u d e  by equation (14) 
and then the  heat- t ransfer  f ac to r  w a s  calculated f o r  each a l t i t ude  
eq. (13)) by (drag coef f ic ien t  assumed constant)  

Then 

h (see 

No hard and fast  ru les  were employed t o  f i x  t h e  choice of  the  degree of 
the  least-squares polynomial f i t  f o r  t he  individual analysis of meteors. 
Generally, f o r  any par t icu lar  case, the  l a rges t  degree polynomial w a s  used 
t h a t  would provide reasonably smooth var ia t ions of the  dependent variables 
with a l t i t ude .  
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COMRJTATIONAL PROCEDURES FOR THE PHOTOMETRICAL METHOD 

OF ANALYSIS OF METEOR TmCKING DATA 

I n  t h i s  report ,  the photometrical method of analysis  i s  applied t o  a l l  
the  meteors discussed except On&ejov meteor 27471 f o r  which luminosity data 
a re  not avai lable .  The computational procedures are t h e  following: 

I MEKNOOK METEOR 132 AND ONDkFJOV METEOR 15761 

It i s  assumed t h a t  at some one a l t i tude ,  hl, the  veloci ty  and the  meteor 
density-radius product are as given by the  dynamical method. Then the  heat-  
t ransfer  fac tor ,  C,/C,C, a t  t h a t  a l t i t u d e  can be found. To t h i s  end we note 
t h a t  i n  the  same manner i n  which f o r  f r e e  molecular f l o w  equation (28) ( f o r  
the  heat- t ransfer  f ac to r )  can be derived from equation (23) ,  so  f r o m  equa- 
t i o n  (29) one derives f o r  continuum f l o w  the  expression 

wherein Ia i s  the  ablat ion luminous in tens i ty .  

The accelerat ion can then be evaluated f r o m  the  dynamics as equation ( 5 )  

so  t h a t  

- dV/dt 
dh V s i n  8 

and, i n  turn,  from equation (13) 

PoCD 
- dr 

dh 8pm s i n  8 
_ -  
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Using (see eq. (~13)) 

1 2o kw see4 
T~ = 1.612~10- 

kg m5 

= 1.225 kg/m3 PO 

CD = 1 

= 9.6 m/sec2 b e a n  

Equations ( C l ) ,  (C2), ( C 3 ) ,  and ( C 4 )  become (for I - Ig u n i t s  of kw m-2) 

I - Ig - -  cH - 0 . 6 4 ~ 1 0 ~ ~  
CDC Grq" 

- 9.6 s i n  e - dV 
d t  
_ -  

dV dV/dt 
dh V s i n  0 
_ -  - -  

and Ig i s  calculated by the  procedure given i n  appendix E. 

A t  an a l t i t u d e  increment Ah from the  a l t i t u d e  hl t he  veloci ty  and 
radius can be found from 

I 

dr 
dh r = rl  + ---m 

and t h i s  computational process can then be repeated t o  f i n d  
CH/CDC 
values of VI and rl, the  measured value of s i n  0 ,  and the  known values of 
the  t o t a l  luminous in tens i ty ,  I, as a function of  a l t i t u d e ,  a whole f l i g h t  
h i s tory  can be calculated.  

V, dV/dt, r, 
a t  a next a l t i t u d e  and s o  fo r th .  Thus, from the  s ingle  i n i t i a l  

This procedure w a s  employed f o r  Meanook meteor 132. The t o t a l  luminous 
in t ens i ty  var ia t ion  with a l t i t u d e  was  t h a t  given i n  f igu re  4; t he  s t a r t i n g  
value s were 



hl = 68,000 m 

V1 = 17,422 m/sec 

s i n  8 = 0.868 

and the a l t i t u d e  increment 

Ah = -1000 In 

For the  OnGejov meteor 15761 the  same procedure w a s  used w i t h  the  t o t a l  
luminous in t ens i ty  var ia t ion  with a l t i t u d e  given i n  f igu re  15, t he  s t a r t i n g  
values 

hl  = 77,000 m 

v 1  = 22,000 m/sec 

i s i n  e = 0.4631 

J 
and the  a l t i t u d e  increment 

Ah = -1000 m 

For both meteors t he  calculat ions were car r ied  through f o r  a range of 

which appears t o  give bes t  agreement between the  reduced data  with 
values of pm. 
of 
t he  calculated values of veloci ty  as a function of a l t i t ude .  

The r e s u l t s  presented i n  the  report  a re  only f o r  t h a t  value 

Pm 

11 OND~EJOV METEOR PEBFW 

The reduced data  f o r  this  meteor a re  only given over an a l t i t u d e  range 
f o r  which the  veloci ty  i s  very nearly constant. A s  a resu l t ,  the  dynamical 
method of analysis  y ie lds  se l f -conf l ic t ing  r e su l t s .  In  f ac t ,  one cannot even 
f i n d  the  body s i z e ,  but t he  r e s u l t  would suggest t h a t  the radius was  perhaps 
between about 0.1 and 0.4 m a t  the  highest a l t i t u d e  f o r  which data  a re  given 
(about 90 km) .  
t he  i n i t i a l  s ize .  The calculat ion procedure w a s  t he  same as outlined f o r  
Meanook 132 except t h a t  t h e  meteor density w a s  known 

Accordingly, the  photometrical method w a s  used t o  determine 

37 



and the  assumed s t a r t i n g  conditions were 

hl = 100,000 m 

v1 = 20,867 m/sec 

s i n  e = 0.683 

while the  i n i t i a l  radius w a s  assumed t o  have a se r i e s  of a rb i t r a ry  values. 
Both maximum and minimum ef fec t ive  drag coef f ic ien ts  were assumed t o  apply 
i n  equation (C2). 
report .  

The r e s u l t s  of these calculat ions are  discussed i n  the  

I11 HARVARD METEOR 1242 AKD SACRrlMENTO PEAK METEOR 19816 

In  the  opinion of  Cook, Jacchia,and McCrosky ( r e f .  26) both of these 
meteors a re  a s t e ro ida l  stone, so  t h a t  it has been assumed tha t  the  density 
i s  (ref.  7 )  

pm = 3400 kg/m3 

The photometrical analysis i s  used i n  these cases t o  f i n d  values of T~ 
which w i l l  br ing the  r e s u l t s  of  t he  photometrical analysis i n  e s sen t i a l  
agreement with t h e  f l i g h t  veloci ty  and accelerat ion data. Thus the  calcula- 
t i v e  procedure i s  t h a t  given i n  sect ion I of t h i s  appendix but a range of 
values of T~ i s  used t o  f i n d  what mean value of -r0 w i l l  give a bes t  f i t  
of  t he  ve loc i t ies  and accelerations so calculated with those obtained from 
f l i g h t .  

The s t a r t i n g  conditions f o r  t he  analysis  of Harvard meteor 1242 are  

hl = 64,000 m 

V1 = 11,960 m/sec 

s i n  e = 0.632 

rl  = 0.0200 m 

corresponding t o  the  value 

pmrl = 68 kg/m2 
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For the Sacramento Peak meteor 19816 they are 

h, = 80,000 m 

v1 = 20,640 m/sec 

sin e = 0.716 

rl = 0.0057 m 

corresponding to the value 

p m r l  = 19.4 kg/m2 
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APPENDIX D 

ESTIMATION OF THE HEAT-TFANSFER PARAMETER, CH/CD( 

A t  t he  outse t  it should be emphasized t h a t  any estimation of CH f o r  
meteors usual ly  involves extensive extrapolation of our present experimental 
data since speeds avai lable  i n  laboratory tests are generally w e l l  below 
meteor speeds, and t h e  physical dimensions of the  models employed i n  these 
tests are generally much below the dimensions of t he  meteoric bodies of 
i n t e re s t  here. Moreover, t he  ac tua l  shapes of these meteoric bodies a re  
unknown as are the  changes i n  shape along the  entry t r a j ec to r i e s .  In  addi- 
t ion,  the  ac tua l  processes of ablat ion a re  unknown (e.g. ,  as noted i n  the  
tex t ,  i rons w i l l  ab la te  f r e e l y  i n  the  l i q u i d  s t a t e  while stones w i l l  vaporize 
as well  as ablate  i n  the s o l i d  s t a t e  as a r e s u l t  of spal l ing due t o  thermal 
s t r e s s ) .  However, vapor ablat ion provides an upper l i m i t  f o r  the  heat of 
ablation. A s  a result of  these numerous uncertaint ies ,  we can expect t h a t  
our estimates may only agree i n  order of magnitude with the  f l i g h t  results. 

I n  accordance with the  assumption used i n  the  analysis  of the  f l i g h t  
record, we assume here t h a t  the  body e s sen t i a l ly  ac t s  as a sphere and t h a t  
the  s i ze  of the  sphere i s  determined from the  f l i g h t  t es t  r e su l t s .  We w i l l  
determine the  estimates of 
occurs only by vaporization and, second, only by l i qu id  runoff. 

CH/CD(, f irst ,  on the  premise t h a t  ablat ion 

Although t h i s  report  i s  concerned only with continuum flow, it w i l l  be 
necessary t o  f a i r  our continuum estimates i n  such a way t h a t  a t  the  higher 
a l t i t udes  they w i l l  agree with those obtained from free-molecule f l o w  theory 
(CH/CD = 1/2). Moreover, we must also provide f o r  t he  f a c t  t h a t  even i n  con- 
tinuum flow CH/CD i s  l imited i n  any real  f l o w .  This f r ac t ion  can never 
exceed 1/2 s ince f o r  purely convective heating, only about half  of the energy 
diss ipated as heat can be given t o  the  body; t he  remainder must be l e f t  i n  
the  wake (Reynolds analogy, see, e .  g., r e f .  33). On the  other hand, f o r  
purely gas-cap rad ia t ive  heating only half of the radiant  energy emitted can 
be received by the body; the  other half  must be radiated t o  space. The ca l -  
culat ive procedure is, theref ore,  the  following : The heat - transf e r  coeff i- 
cien t  i n  continuum flow i s  calculated as the  sum of the  convective contribu- 
t i o n  plus the  gas-cap radiat ive contribution from the  a i r  which i s  i n  thermo- 
dynamic and chemical equilibrium and t h a t  which is  not i n  equilibrium. The 
convective contribution so calculated i s  uncorrected f o r  t he  approach t o  f r e e  
molecular flow, except t h a t  when the  e f fec t  of vapor ablat ion t o  reduce the  
convective component i s  evaluated an allowance i s  made f o r  the  approach t o  
f r e e  molecular f l o w .  The rad ia t ive  components (equilibrium and nonequilib - 
rim) are  uncorrected f o r  l imit ing but are forced t o  zero as f r e e  molecular 
f l o w  i s  approached. Finally,  the  sum of t he  uncorrected continuum components 
i s ,  together, corrected f o r  approach t o  l imit ing.  The r e s u l t  applies f o r  
the  energy l i m i t  and f o r  f r e e  molecular flow since these values of ( C H / C D ) ~ ~ ~  
a r e  the same (0.5). 
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It is well at this point to discuss the conditions for continuum flow as 
opposed to free molecular flow. The Knudsen number is defined as the ratio 
of the mean free path in the atmosphere, 2, to the body radius at the alti- 
tude at which this mean free path applies. Approximately, the mean free path 
is related to the density ratio, p ,  by 

10 2 = =  
P 

where the constant 20 is about 7.2xlO-' m. Thus the Knudsen number is 

When Kn exceeds, say, 4 or 5 (see ref. 34), the flow is, in essence, the 
free molecular type. When Kn is less than, say, 1/4 or l/5, the flow is, 
in essence, continuum. Between these two regimes lies the so-called slip 
flow regime. Although practically no theory for the slip flow regime is 
available, experiment has shown (e.g., ref. 35) that the transition from con- 
tinuum to free molecular flow is smooth. Thus a function which appropriately 
expresses such a transition may be of the type 

since for small Kn (<< 1) this function approaches unity while for large 
(>> 1) it approaches zero. 

Kn 

In the following sections, the continuum heat-transfer coefficients are 
evaluated and corrected for approach to either the energy limit or the free 
molecular flow regime. 

CONVECTIVE HEAT TRANSFER 

To evaluate the convective component for a sphere in laminar' continuum 
flow we employ the procedure used by Chapman (ref. 36) to find the stagnation- 
point heating rate and then employ the analysis of Lees (ref. 37) to find the 
rate for an average surface element. Chapman's analysis which applies if no 
vapor ablation occurs gives the stagnation-point convective heat rate as 

. -  

'For most of the cases considered in this report, the meteoric bodies 
are sufficiently small that experience indicates turbulent boundary-layer 
flow will not occur. 
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Lee's analysis ,  with Newtonian flow assumptions, gives f o r  the forward 
face of t he  sphere an a rb i t r a ry  surface element a t  high Mach number 

- -  %fu 2w s i n  w cos2 w - 
&fSU JV'- cos 4w 

8 

; o = w = ,  < < K  
c 

where w i s  the  angle between the r a d i i  measured from the  stagnation point 
t o  the  a rb i t r a ry  surface element, and f o r  t he  rear  face 

Hence, the  t o t a l  heat  input r a t e  by convection i s  

= 0 .735fir2& 
''2 w sin2 w cos2 w d w  

w s i n  4w+1 -cos 4w SU 

(D7) 2 8 
iCfu = ~~f~ a = bm-2k 

and 

When vapor ablat ion occurs, the issuing vapors fend o f f  the air f rom the  
surface and s o  reduce the surface shear and the  convective heat t r ans fe r .  
Theory (see r e f .  38) gives the r a t i o  
t h a t  without ablat ion ( o r  with f l u i d  

where a depends upon the  molecular 

of  heat  t r ans fe r  with vapor ablat ion t o  
ablat ion)  as 

weight of t he  issuing vapor. But t h i s  
formulation does not properly consider the heat  conduction i n  the  sublayer. 
Thus while equation (D9) indicates  t h a t  the  r a t i o  approaches zero as ( a / c v ) V 2  
becomes very large,  experiments indicate (see r e f .  39) t h a t  t h e  r a t i o  actu- 
a l l y  approaches an asymptotic value. Let t h i s  asymptotic value be 0 .  Then 
the formulation ( r e f .  40) 
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w i l l  more properly provide f o r  the  e f f ec t s  of vapor ablat ion.  For stone o r  
i ron reference 38 indicates  

The value of 0 w i l l  depend not only on the  heat conductivity of the ab la t -  
ing vapor but a l so  upon the  r a t i o  of the  convective t o  the  rad ia t ive  heat 
r a t e s .  For the  calculat ions of  t h i s  paper it i s  a r b i t r a r i l y  assumed that 

A t  t h i s  point we  shall  p a r t i a l l y  correct  f o r  approach t o  free molecular 
f l o w  by a l t e r ing  equations ( D l O ) ,  ( D l l ) ,  and (D12) t o  read (see eq. ( D 3 ) )  

Then the convective contribution f o r  vapor ablat ion ( t h e  counterpart t o  
eq. (D8)) i s  

RADIATIVE HEAT TRANSFER 

The l eve l  of rad ia t ion  f r o m  a u n i t  
volume of  excited gas depends upon the  
density and enthalpy of the  gas. For a 
spherical  body the  radiat ion from an 
element of the  gas cap would vary w i t h i n  
t he  cap, depending upon the posi t ion of 
the elementary volume, since the  l eve l  
of radiat ion depends upon the speed of 
the  a i r  normal t o  the surface of the  
shock (see sketch ( b ) ) .  
d i r ec t ly  ahead of  the  stagnation point 
rad ia te  the  m o s t  and the  radiat ion 
l eve l  f a l l s  as we  proceed around the  
body. To calculate  the  net  rad ia t ion  
from the  whole cap i s  tedious.  Note, 
however, that the  heat t r ans fe r  i s  
highest  f r o m  both convection and rad ia-  
t i o n  a t  the  stagnation point .  Thus the  
stagnation region as indicated i n  
sketch ( e )  w i l l  ab la te  rapidly so t h a t  

The elements 

- GEXE3M.L RENARKS 
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with time the  body becomes blunted (provided it i s  not tumbling). 
of a body f o r  which radiat ion predominates i s  f la t tened .  Equilibrium radia-  
t i v e  heating w i l l  thus be grea t ly  increased with time not only because the  
average component veloci ty  U now closely approaches the  f l i g h t  veloci ty  V, 
but a l so  because the  gas-cap volume i s  increased since the  shock standoff d i s -  
tance w i l l  be t r i p l e  o r  more than t h a t  f o r  a sphere. I n  order t o  avoid the  
complexity of calculat ing the  rad ia t ive  heating f o r  a body o f  changing shape 
it i s  assumed t h a t  the  gas-cap radiat ion corresponds t o  tha t  f o r  a "disk" 
shape ( i . e . ,  U = V )  but  with the  shock standoff distance corresponding t o  t h a t  
for a sphere. In  t h i s  way, it i s  hoped t h a t  t he  integrated average value w i l l  
be duplicated. 

The face 

EQUILIBRIUM RADIATIVE HEAT TRAPJSFEB 

The time r a t e  of energy radiat ion from an excited gas i n  thermodynamic 
and chemical equilibrium per u n i t  volume can be expressed as 

Seiff  ( r e f .  40) found from examining 
t h a t  e s sen t i a l ly  two regimes e x i s t .  

= c,ppvq 

our present knowledge of gas rad ia t ion  
For veloci ty  U < 13,700 m/sec 

= = 1.8 

q, = 15-45  J 
1 

and f o r  U > 13,700 m/sec 

p2 = p = 1.8 

cl2 = 5.05 

In  accordance with the  assumptions given e a r l i e r  then, the  t o t a l  radiat ion 
r a t e  from the gas cap i n  equilibrium i s  then 
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where S/r  i s  
0.05 (see r e f .  
i s  received by 

o r  

To correct  f o r  

shock standoff distance r a t i o  f o r  a sphere, which i s  about 
40) .  
the  body, t he  other half  being radiated t o  space, then 

Now since f o r  a t h i n  gas cap only half of t h i s  rad ia t ion  

the  approach t o  f r e e  molecular flow (where C H ~  = 0)  then 

With the  constants from equations ( ~ 1 6 )  and (Dl7) and with S / r  = 0.05, 
then 

2.05 

= 41.6pom8 ($1 r e -7’2x10-8/pr ; V > 13,700 m/sec 
‘Heu 

and 

12.45 

= 1.58p0.8  (‘) r e -7*2X10-8/pr ; V < 13,700 m/sec 
‘He, 

NONEQUILIBRIUM MIATIYE HEYT TRANSFER 

The region for which the  gas-cap a i r  i s  out of equilibrium i s  generally 
confined so near the  shock wave tha t  we may, f o r  p rac t i ca l  purposes, consider 
the  nonequilibrium radia t ion  t o  be proportional t o  t he  shock-wave area.  If 
the  density i s  high, the  time r a t e  of energy rad ia t ion  from t h i s  t h i n  lamina 
of gas, which i s  out of equilibrium, per u n i t  of shock area can be expressed 
as 

where the  values f o r  the  constants as known at  present are (see r e f .  40) 

s = 7  I 
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Equation (D24) holds until the so-called collision limiting begins (see dis- 
cussion in appendix C of ref. 40), corresponding to after which 
it is assumed that 

pcL = 

Now, if we correct for the approach to free molecular flow (see eq. (D3)) but 
not for energy limiting, remembering that only half of the radiation is 
received by the body (see eq. (Dig)), 

Thus when the constants are inserted the nonequilibrium equations become 

and, when corrected for collision limiting by equation (~26) 

TOTAL HEAT TRANSFER 

The total heat transfer formed when the components are added (see 
eqs. (D8) or (D14) along with eqs. (D22) or (D23) and (D28) or (D29)) is 
unrealistic in that it is not limited as reality requires. In the limit 
CH/CD cannot exceed 1/2. The corresponding drag coefficient becomes the 
free-molecule value 
tinuum flow). 
employed: The corrected total heat-transfer coefficient is formed from 

CD = 2 (as opposed to unity for low-heat-transfer con- 
Thus to enforce the correct limit, the following procedure is 

and the corrected drag coefficient from 

These formulations satisfy the requirement since when 
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and when 

The following t ab le  shows that equation (D3O) produces the  desired behavior. 
Certainly these r e s u l t s  a re  reasonable f o r  approach t o  the  f r e e  molecular 
regime. For t he  approach t o  energy l imi t ing  i n  the  continuum range it i s  
correct  i n  direct ion but probably too high. 
c losely approached f o r  most of t he  meteors considered i n  t h i s  report .  

However, t h i s  l i m i t  i s  not 

CHU CH 
0 0 

-05 .04762 
.1 09093 
. 2  .16693 
- 3  .23182 
- 5  .33879 

1 .o -53485 
1-5 -67827 
2.0 .78431 
3 -0 .91038 
00 1.00000 

CD 
1.00000 
1.04762 
1.09093 
1.16693 
1.23182 
1.33879 
1.53485 
1.67827 
1.78431- 
1.91038 
2.00000 

0 
.04545 

.1430 5 

.of3335 

.18816 
- 25305 
.34847 
.40414 
.43956 
* 37654 
.50000 

For calculations of gas-cap luminous in tens i ty  discussed i n  appendix E 
it i s  necessary t o  f ind  

This quantity i s  then approximated a s  

where CH and C H ~  correspond to vapor ablat ion of t h e  meteoric surface.  

I n  t h e  preceding portions of t h i s  appendix it has been t a c i t l y  assumed 
tha t  t he  radius of t h e  meteoric body i s  known as a function of a l t i t u d e  from 
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t h e  f l i g h t  data. Actually f o r  a l l  of t h e  meteors discussed i n  t h e  report ,  
with t h e  exception of t h e  On&ejov meteor Pgibram, t h e  f l i g h t  data only pro- 
vide tQe meteor density-radius product, pmr,  as a function of a l t i t ude .  Even 
f o r  F%ibram, as w i l l  be shown, though i s  known h r  is s o  poorly de te r -  
mined tha t  r must be considered an unknown. 

For a l l  of t h e  meteors except Pgibram, t h e  following procedure i s  
employed: 
a l t i t u d e  i s  calculated.  The calculat ion procedures of appendix E, par t  I, 
are used to f ind  t h e  gas-cap luminosity. The f l i g h t  values of t h e  heat-  
t r ans fe r  fac tor  CH/CD~ 
method of appendix E, part 11. The t o t a l  luminous in t ens i ty  i s  then de ter -  
mined (sum of t h e  gas-cap and ablat ion luminosit ies) f o r  each assumed meteor 
density and compared with t h e  observed luminous in tens i ty .  The approximate 
meteor density i s  then chosen to be t h a t  which gives t h e  closest  agreement of 
these calculated and observed luminosit ies.  This evaluation needs only t o  be 
approximate s ince t h e  calculated values of t h e  heat - t ransfer  fac tors  fo r  
e i the r  t h e  assumed vapor or f l u i d  ab la t ion  i s  not strongly influenced by 
small changes i n  the  assumed meteor density.  

For an assumed se r i e s  of values of pm, t h e  radius  var ia t ion  with 

a r e  used t o  ca lcu la te  t h e  ab la t ion  luminosity by t h e  

For t h e  Pgibram meteor t h e  calculat ion procedure i s  tha t  given i n  
appendix C y  sect ion 11, and i n  appendix E. 

There a r e  severa l  t heo re t i ca l  analyses of meteor heat t r ans fe r .  The 
estimates of references 18 and 41 a r e  too  approximate f o r  t h e  needs of t h i s  
repor t .  
than considered herein and i n  ample d e t a i l .  
assumes un rea l i s t i ca l ly  t h a t  0 i n  equation (D10) i s  zero. 

The estimates of reference 42 a r e  given f o r  a wider range of speeds 
However, t h e  l a t t e r  reference 



APPENDIX E 

CALCULATION O F  LUMINOUS INTENSITY 

I GAS-CAP LUMINOSITY 

The time r a t e  of energy radiated from t h e  shock layer  t o  space i s  equal 
t o  t h e  t i m e  rate of energy radiated t o  t h e  body s o  tha t  ( i n  units of 
kg m2/sec3) 

where C H ~  i s  t h e  t o t a l  
c ien t  (see appendix D) . 
wavelength range (> 3500 

r ad ia t ive  contribution t o  t h e  heat - t ransfer  coef f i -  
Only a f r ac t ion  of t h i s  energy, r,, i s  i n  t h e  v i s i b l e  
A ) .  This f r ac t ion  i s  

To f ind  t h e  corresponding luminous in tens i ty ,  defined as t h e  luminous energy 
received-on a 1 m2 area at 100 km distance,  one can ca lcu la te  t h i s  quantity 
as i f  2r,E were rad ia t ing  t o  sphere of 100 km radius s o  t h a t  t h e  gas-cap 
luminous in tens i ty  i n  (E i n  kg m2 i s  

This i s  the  gas-cap luminous energy which would be observed a t  a point 
d i r ec t ly  ahead of t h e  met eor . 

The f r ac t ion  r, i s  a function of t h e  gas-cap temperature. The f r ac t ion  
i s  assumed t o  be essent ia l ly  t h a t  par t  of t h e  t o t a l  radiati:n from a gray 
body which occurs fo r  v i s i b l e  wavelengths longer than 3500 A as given i n  
t a b l e  I X .  
r ad ia t ion  from air  which d i f f e r s  somewhat from t h a t  f o r  a gray body.) The 
temperature of t h e  gas cap i s  grea te r  than t h e  equilibrium gas-cap tempera- 
t u r e  as a result of t h e  nonequilibrium contribution. The approximation i s  
made t h a t  it i s  

(These values a r e  a l t e r ed  a t  t h e  lower temperatures for t h e  known 

'Note t h a t  Ig i s  sens i t i ve  t o  t h e  aspect from which t h e  meteor i s  
seen. From t h e  s ide  only about half  t h e  rad ia t ing  gas cap can be seen, fo r  
example. 
purposes of t h i s  repor t .  

W e  have a r b i t r a r i l y  assumed t h a t  t h e  f u l l  face  'can be seen fo r  t h e  
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Tg = T e  r e u  + c y 4  
CHeu 

where 
and Te i s  t h e  temperature of t h e  gas cap i f  equilibrium prevailed. Approx- 
imate values of 
speed i n  f igure  56. 

C H ~ ~  and C H ~ ,  a r e  t h e  heat- t ransfer  coeff ic ients  given i n  appendix D 

Te (from ref.  23) a r e  p lo t ted  as a function of a l t i t u d e  and 

I1 ABLATION LUMINOSITY 

A s  noted i n  appendix B t o  f ind  t h e  meteor s i z e  when meteor density i s  
unknown one must f i nd  t h e  t o t a l  luminous in tens i ty .  Hence it i s  necessary t o  
f ind  t h e  approximate var ia t ion  of t h e  luminous in t ens i ty  from t h e  ablated 
vapor. To  t h i s  end it i s  assumed tha t  t h e  luminous efficiency fac tor ,  -ro, i s  
tha t  proposed by Jacchia ( r e f .  21) f o r  f r e e  molecular flow. 

mom equation (29) 

but from equation (10) 

s o  t h a t  from equations (E5) and (E6) 

I11 LUMINOUS EFFICIENCY 

Meteor astronomers define luminous in t ens i ty  as 

-0 4Mp 
I(0 mag) = 10 (E8)  

where 
metric magnitude of t h e  meteor t h a t  would be indicated by the  photographic 
p l a t e  of a camera located 100 km from t h e  meteor. The Harvard Observatory 
group a f t e r  considering the  spectra of meteors and t h e  response of photo- 
graphic p la tes  t o  them have calculated t h a t  t h e  absolute photographic magni- 
tude can be r e l a t ed  t o  t h e  corresponding absolute v i s i b l e  magnitude by 

Mp, termed t h e  absolute photographic magnitude, i s  t h e  apparent photo- 



Mp = Mv - 1.8 (E9) 

The luminous i n t e n s i t y  defined as i n  equation (E8) i s  not meaningful t o  
aerodynamicists. Accordingly, i n  t h i s  repor t  luminous in t ens i ty  is  defined 
as t h e  amount of luminous energy per uni t  area,  i n  ki lowatts  per square 
meter, received on a photographic p l a t e  100 km from a source. T o  r e l a t e  t h e  
luminous in t ens i ty  so defined with magnitude, it i s  noted t h e  apparent bolo- 
metric magnitude of t h e  sun, Mbs, corresponds t o  t h e  so l a r  constant s ( t h e  
amount of energy received a t  t h e  o r b i t  of t h e  ear th  outside t h e  atmosphere), 
s o  t h a t  t h e  absolute photographic magnitude of a meteor, Mp, can be r e l a t e d  
t o  t h e  luminous in t ens i ty  I by 

Now Mbs = -26.85 while t h e  so l a r  constant l i e s  i n  t h e  range 

Choosing s = 1.37 kw/m2 then we obtain t h e  conversion formulas 

logl0I(kw/m2) = -9.882 - 0.4~1, 

logloI(kw/m2) = -10.602 - 0.4Mp 

logloI(kw/m2) = -10.602 + logloI(0 mag) 

Jacchia ' s  value of t h e  luminous e f f ic iency  fac tor2  

o mag see4 
g cm3 - I -~ = 6.45x10-l~ 

then becomes i n  our un i t s  

kw sec" 
kg mS 

-r0 = i.6ixi0-20 

2Recently, Cook, Jacchia, and McCrosky ( r e f .  26) have recommended fo r  
meteoric stone 

o mag see4 
g em3 

T~ = 4.26~10-19 

and f o r  meteoric i ron  

o mag sec" 
g em3 

-r0 = 27.6~10-19 
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I V  FRACTION OF TOTAL LUMINOSITY DUE TO GAS CAP 

Equation (E5)  gives m a s s  l o s s  as proportional t o  the  difference between 
the  t o t a l  luminous in t ens i ty  l e s s  t ha t  due t o  the  gas cap. The question then 
a r i s e s :  What f r ac t ion  of t he  t o t a l  luminosity can t h e  gas cap contribute? 

From equations (E3) and (E2) for luminous in t ens i ty  i n  kw m-2 

and f r o m  equation ( C l )  

so t h a t  

~ P V ~ X ~ O - ~ ~  1 Ig = - ~ C H  p r 
4 g o  

As  indicated i n  the  report  f o r  continuum f l o w  it appears t ha t  
T~ Z kw see4 kg-l  m-5 while Ig/I i s  l a rges t  f o r  

approximately true only f o r  large bodies. 
m a x i m u m  value of t he  r a t i o  i s  

= CH which i s  
cHg 

Then f o r  stones (eq. ( ~ 1 6 ) )  the  

Since y i s  a function of a i r  density as wel l  as veloci ty  f o r  equi l ib-  
rium radiat ion,  the  r a t i o  depends on a l t i t u d e  as w e 1 1  as velocity.  This 
f r ac t ion  i s  shown i n  f igure  57. Note t h a t  a t  very high speeds the  gas-cap 
luminosity cannot be a large f rac t ion  of  t he  t o t a l  once vaporization begins, 
so tha t  ignoring Ig i n  mass-loss-rate calculat ions by the photometrical 
method may not lead t o  la rge  e r ror  f o r  such cases. 
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TABI;E I. - ABLATION m R G Y  PER UNIT MASS FOR METEORIC MATERIALS 

Material  

Stone 

I ron  

i 

TABLE 

Ablation energy 
Vapor ablat ion I 

9.2x106 

11. - FLIGHT DATA FOR WOOK METEOR 132 
( s i n  8 = 0.868) 

t, 
sec 

0 
.1 
.2 
-3 
.4 
-5 
.6 
-7 
.8 
-9 
1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 

h, 
km 

67.59~ 

64.56 

61.55 

58 57 

55.58 

52.71 

49.87 

47.12 

44.51 

42.11 

39.98 

38.21 
37.46 

17.42 
17 - 39 
17.35 
1-7 30 
1.7 - 25 
17.18 
17.10 
17.00 
16.89 
16.75 
16.58 
16.37 
16.12 
15.82 
15 45 
15.01 
14.49 
13.86 
13.10 

10.25 
9.16 
(8.00 

12.24 
11.28 

dV/dt ? 

k.m/secZ 

-0.31 
-.36 

-.50 
-.60 
-a73 
-.88 
-1.06 
-1.28 
-1.55 
-1.88 
-2.28 
-2.76 
-3.34 

-4.77 
-5.67 
-6.97 
-8.18 
-9.08 
-9.97 
-10.58 
-11.21 

-. 42 

-4.02 
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TABL;E 111. - FLIGHT DATA FOR ONDkWOV METEOR 15761 
(sin 8 = 0.4631) 

11.93 
11.81 
11.48 
10.94 

8.87 
10.13 

58 

20.005 -0.185 
2.005 -.389 
2.005 -.660 
2.005 -1.024 

2.005 -2.23 
5.005 -1.505 

0.42443 
.82186 
1.13871 
1.34575 
1.55279 

1.86468 
1.96820 

2-1-7523 
2.27875 
2.38227 
2.48579 
2 - 58931. 
2.69283 
2 - 78699 

3.10558 
3 * 1-7805 

1.73461 

2.07172 

2.88244 
3.00207 

68.696 
64.585 
61.479 
59.437 
57.422 
55.687 
54.478 
53.532 
52.605 
51.694 
50.801 
49 - 933 
49.087 
48.273 

46.792 
47.482 

46.114 
45.311 
44.657 
44.223 

VY 
k m / s e c  

21.750 
21.431 
21.122 
20.895 
20.552 
20.122 
1-9.750 
19.421 
19.054 
18.697 
18.267 
1-7 ‘ 799 
17.258 
16.673 
16.094 
1.5 * 509 
14.881 
13.983 
13.176 
12.544 

20.036 

2.052 
2 .  069 

2.033 
2. 042 

2.077 
2.055 
2. 035 
2.040 
2.039 
2.036 
2. 030 

2. 032 
2.019 

2 .080 
2.096 
2 .loo 

2.035 

2.033 
2.047 

dV/dt 
k m / s e c 2  

-0.56 
-187 
-1.02 
-1.22 
-1.83 
-2.76 
-3 * 09 
-4.01 
-4.14 
-3.80 
-4.67 
-4.30 
-6.19 
-5 * 1.7 
-6.31 
-6.18 
-7.72 
-8.09 
-8.16 
-9.87 

i A d V / d t  
k m / s e c 2  

20.16 

2.23 
2.43 
2.58 
2.85 
2 .  92 
2-59 
2.67 
2.65 
2.60 
2. 50 
2.60 
2. 54 
2.  31 
2.60 
2.77 
21.34 
21.61 
22.42 

2.14 

TABLF: 1 V . -  FLIGHT DATA FOR KARVARD METEOR 1242 
(sin e = 0.632) 

1.0526 
1.6842 
2.3158 
2.9474 
3.5790 
4.2105 

62.56 
57.78 
53-10 
48.61 
44.38 
40.57 

A d V / d t  
k m / s e c 2  

20. 013 
2.008 
2. 007 
f.010 
2.030 
2 .067 

~ 



TABLE V . -  FLIGHT DATA FOR SACRAMENTO PEAK METEOR 19816 
( s i n  e = 0.716) 

t, 
sec 

0.764 
1-1-35 
1.860 
2.038 
2.425 
2.623 
2.824 
3.124 

.- 

h, 
km 

80.13 

61.06 
56.49 
53-75 
51.87 
48.92 

74.02 
64.16 

v, 
k m / s e c  

20.67 
20.57 
1-9 87 
19-27 
17.85 
16.36 
14.63 
10 - 77 

nv, 
k m / s e c  

20.01 
2.02 
2.05 
2.09 
2.11 
2.18 
2.19 
2.30 

\ /  

d V / d t  , 
km/sec2 

-0.158 
- .416 
-2.02 
-2.75 
-5.92 
-8.45 
-9 67 
-8.90 

~ 

A d V l d t  , 
k m / s e c 2  

f o  .009 
2.  018 
5.05 
2.10 
k.11 
2. 18 
2.19 
2.29 

TABLE V I .  - FLIGHT DATA FOR ONDREJOV METEOR 27471 
( s i n  8 ='0.7575) 

h, 

56.01 
54.25 

47.81 
43.89 
42.86 
42.19 

km 

50.41 

v, 
k m / s e c  

24.95 

23.88 
22.97 
19.54 
17.65 
15.97 

24.72 

TABLE VII. - FLIGI-IT DATA FOR OND~EJOV METEOR P%BM 

( s i n  e = 0.6853; pm = 3500 k g / m 3 )  

t ? 

sec 

0.00000 
.85602 
.85806 
1.73230 
2.49383 
2.69203 
3 - 06758 

h, 
km 

88.594 
76.318 
76.289 
63.837 
52 * 970 
50.164 
44.858 

~ 

V, 
k m / s e c  

20.887 
20.860 
20.864 
20.838 
20 * 773 

20.459 
20.717 

20.009 
2.007 

t- ,013 
t-. 013 
t- .013 

t-. 010 

2. 024 

-0.031 -. 113 

- .207 
- 370 
-1.080 

- . 000 
- .loo 

20. 035 

2. 039 
2.049 

2 .  068 

2.031 

2 .  071 

k, 160 
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h, 
m 

38 , 000 
39,000 
40,000 
41,000 
42,000 
43,000 
44,000 
45,000 
46,000 
47,000 
48,000 
49,000 
50, ooo 
51, ooo 
52, ooo 
53,000 
54,000 
55,000 
56 , 000 
57 , 000 
58 , 000 
59, cml 
60,000 
61, ooo 
62, ooo 
63, 000 

TAEZE VII1.- ALTITUDE FUNCTIONS 

(Code: 0.434 -2 = 0.434~10-~) 

- 
P 

0.434 -2 
.376 -2 
“327 -2 
,284 -2 
.247 -2 
.216 -2 
.189 -2 
.164 -2 
.145 -2 
.127 -2 
.112 -2 
-996 -3 
.884 -3 
-785 -3 
.697 -3 
.619 -3 
-554 -3 
-499 -3 
.448 -3 

.361 -3 

.322 -3 

.288 -3 

.256 -3 

.22s -3 

.202 -3 

,402 -3 

dP 
ah P + h -  

1.44 -4 
1.42 -4 
1.41 -4 
1.39 -4 
1.38 -4 
1.36 -4 

1.32 -4 
1.30 -4 
1.28 -4 
1.26 -4* 
1.24 -4 
1.21 -4 
1.18 -4 
1.15 -4 
1.12 -4 
1.09 -4 
1.07 -4 
1.07 -4 
1.09 -4 
1.11 -4 
1.13 -4 
1.15 -4 
1.17 -4 
1.19 -4 
1.21 -4 

1.34 -4 

h, 
m 

64,000 
65,000 
66,000 
67,000 
68,000 
69,000 
70, ooo 
71, ooo 
72, ooo 
73,000 
74,000 
75,000 
76,000 
77,000 
78 , 000 
79,000 
80 , 000 
81,000 
82,000 
83,000 
84,000 
85,000 
86,000 
87,000 

90, ooo 
88 , 000 

- 
P 

0.179 -3 
.158 -3 
-1.39 -3 
.122 -3 
.io7 -3 
-937 -4 
.817 -4 
.710 -4 
,616 -4 

-393 -4 
.336 -4 

.206 -4 

.116 -4 
-947 -5 
-775 -5 
.634 -5 
.518 -5 
.424 -5 
-347 -5 
.284 -5 

- 

.532 -4 

.458 -4 

.287 -4 

.243 -4 

.173 -4 

.142 -4 

dP P + h -  
dh 

1.23 -4 
1.26 -4 
1.28 -4 
1.30 -4 

1.36 -4 
1.33 -4 

1.39 -4 
1.41 -4 
1.45 -4 
1.48 -4 
1.51 -4 
1.55 -4 
1.59 -4 
1.62 -4 
1.66 -4 

1.86 -4 
1.96 -4 
2.00 -4 
2.01 -4 
2.01 -4 
2.01 -4 
2.01 -4 
2.01 -4 
2.01 -4 
2.01 -4 

1.73 -4 



1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
1-3 
14 
1.5 
16 
17 
18 
1-9 
20 

TABL;E IX. - THE GAS TEMPERATURE FUNCTION 

9 

1.0000 
1.0000 
1.0000 
995 - 972 
.928 
.856 
* 772 
.692 
.611 
.544 
.480 
.425 
.381 
-338 
.302 
.269 

.215 

.192 

.240 

T~( O K ~ O - ~ )  

21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31- 
32 
33 
34 
35 
36 
37 
38 
39 
40 

9 

0.173 
.156 

.128 

.117 

.io8 

.loo 

.091 

.083 

.076 

.070 
,065 
.060 
.056 
.052 

.141 

.049 

.045 

.043 

.040 

.038 

TG (OKXlO -3 )  

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51- 
52 
53 
54 
55 
56 
57 
58 
59 
60 

9 

0.035 
5033 
.031 
.029 
,028 
.026 

.023 
,024 

.022 

.021 

.020 

.01g 

.018 

.017 

.016 

.015 

.013 

.013 

.014 

.014 

61 

I 
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Figure 1.- Comparison of polynomial fit of velocity with data f o r  Meanook meteor 132. 
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Figure 23. - Comparison of calculated heat -transf e r  factors  obtained from dynamical analyses with 
f lu id-  and vapor-ablation estimates f o r  Harvard meteor 1242. 



03 cn 68 - 

0 - 64 - 

60 - 

56 - E 
2d 

t 

t 
.- - 

48- 

44 - 

40 - 

Data 
Calculated I I 

A 

Stone ( pm =3400 kg/m3 1 

I I I I 

Luminous intensity, log,, I, kw/m2 
3313 -I 2 -I I -10 -9 

I 
-8 
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Figure 46. - Results of dynamical analyses of meteor density-radius product for OnGejov 
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heat- t ransfer  coef f ic ien t  as a function of ve loc i ty .  
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Figure 56.- Equilibrium gas-cap temperatures for the various meteors as a function of altitude 
and velocity. 
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Figure 57.- Maximum r a t i o s  of gas-cap t o  t o t a l  luminosity as a function of 
vel0 c i t y  . 
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